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ABSTRACT 
Fires occur in most forest reserves in Ghana. However, there is a limited understanding of the 
fires and their behaviour in the different ecological zones. Therefore, this research was to 
analyze the spatial and temporal distribution of fires, examine the driving factors, direct and 
underlying causes and impacts of the fires, determine and compare the fuel dynamics to predict 
fire behaviour and estimate the effects of fire on carbon stocks in different ecological zones of 
Ghana. The research used different methodologies including questionnaires, fire records, 
satellite fire data from MODIS (2001 to 2015) (first approach) and field experiment (second 
approach). A total of 304 respondents was sampled for eight communities, two communities 
each around the moist and dry semi-deciduous forest, upland evergreen forest and savanna. 
The spatial distribution of fire showed a trend along the forest boundaries, open vegetation, 
degraded areas, human settlements, shrubs, farms, rivers and roads. The temporal trend was 
significant in the dry forest (435 hotspots), followed by the savanna (229 hotspots), moist forest 
(76 hotspots) and the least in the evergreen forest (5 hotspots). The fires were observed from 
August, October to May with the dry forest having the longest seasonality. Sunday, Tuesday and 
Thursday were the peak days of the detected fire hotspots in the dry, moist and savanna 
respectively. Most of the fires in the different ecological zones peaked from 13 to 14 pm. The 
results of the research also revealed that the fires were driven primarily by socioeconomic 
factors which were supported by environmental, type of vegetation and cultural factors. In all the 
ecological zones, fires were originating from humans. The study pointed out three categories of 
human-caused fires through activity (farming), non-activity (carelessness or negligence) and 
others (unknown causes). The major underlying causes of fire mentioned were the inadequate 
management of the forest and weak compliance and enforcement of forest laws. All these fires 
have resulted in several impacts in the various ecological zones. Concerning the fuel dynamics, 
the total downed woody fuel load in the evergreen forest was found to be higher (228 and 208.4 
t ha-1). The litter and duff density (112.2 kg m-3) in unburned area and loading (6.3 and 13.5 t ha-
1) for both burned and unburned area respectively were significantly greater in the moist forest. 
Also, the dry forest showed 2.4 t ha-1 of herbaceous loading in the burned area. However, fires 
were predicted to be severe in the savanna regarding the surface rate of spread, flame length 
and fireline intensity, but with low reaction intensity and heat per unit area. The total amount of 
aboveground tree carbon, aboveground non-tree and belowground root for both burned and the 
unburned area varied under the different ecological zones. The highest was seen in the moist 
forest with the emission of 294 t C ha-1 accounting for 82% losses. This research has brought 
out the current situation of fire in the various ecological zones for the implementation of 
necessary actions for the future.                                       
1 
CHAPTER ONE 
1.0 INTRODUCTION 
1.1 Background 
Fires have become a recurring problem in many forest reserves in Ghana. Based on this, the 
country was indicated among other nations that reported higher percentages of forest area 
affected by fire (FAO, 2010). Although fire is affecting the country’s forest, the use of fire by 
people is rooted in the cultural values and traditional farming systems predominantly used 
(Nsiah-Gyabaah, 1996). In most countries including Ghana, fires are deliberately used as a tool 
for slash and burn agriculture, weapon in land use conflict, resource extraction, palm wine 
tapping, vegetation management and control of invasive plant species (Appiah, 2007; Applegate 
et al., 2001; DiTomaso and Johnson, 2006; Tomich et al., 1998). The relation between human 
and fire accounts for most fires caused by people (FAO, 2007). Thus, the majority of forest fires 
occur through human influences in Ghana. Despite human activities are linked to fires, the 
causes of forest fires and their distribution within the same country may differ in space and time 
(Ganteaume et al., 2013).  
 
This may be attributed to the use, surrounding conditions and the type of forest. Fire in the 
forest can be beneficial, but becomes harmful when not controlled. The effect of uncontrolled 
fires can be realized on vegetation, wildlife, soil, environment and the society at large. However, 
the extent of fire effects on the ecosystem and society depends on fire intensity, frequency, 
severity, seasonality, fire size and vegetation type, which are all considered as parameters of 
fire regime (Krebs et al., 2010; Moreno and Chuvieco, 2012). Information on fire regime is 
therefore needed to improve strategies for fire management. Apparently, the trend of fire regime 
changes as factors that induce ignition varies. According to Moreno et al. (2013), changes in fire 
regime have been driven by climate, land use and fire management. Among these factors, 
climate variability is one of the primary determinants of fire occurrences and area burned 
exceptionally large fires (Chen et al., 2014). All these factors can cause considerable changes 
in fire regimes which can alter the species composition, structural and fire characteristics in any 
forest ecosystem (Shlisky et al., 2007). The causes and trend of these forest fires result in 
economic, social and environmental impacts and losses. For example, in 1997-98, about 9.5 
Mha in Indonesia of which 4.6 Mha (49%) forested was lost to fires resulting in an economic 
cost between US$ 5-10 billion and the smoke affecting the health of 70 million people (Rowell 
and Moore, 2000).  
2 
In view of forest fire dynamics and their impacts arise the necessity for understanding fire 
behaviour. Generally, most vegetation types in Ghana experience fires; however, different types 
of vegetation will burn differently, though with similar fuel load and are close to each other 
(Lindenmayer et al., 2014). The behaviour of fires and their effect on vegetation depends on the 
amount, rate and vertical level of heat energy released which is influenced by some elements 
such as fuel (moisture and load), air temperature, relative humidity, wind and slope (Trollope 
and Trollope, 2002). Bennett et al. (2010) also pointed out that the behaviour and type of fire 
changes when any of the elements (fuel, weather and topography) is altered during any fire 
incidence. In general, all activities of fire have a significant effect on the plant biomass and 
productivity of the forest. The recurrence of fire increases the percentage of tree canopy 
openness by increasing tree mortality resulting in a decline of aboveground biomass and tree 
canopy mass in vegetation (Reich et al., 2001). After the impact on forest canopy and tree 
mortality by fire, the productivity of stands gradually decreases over a period of years, after 
which a steady state is maintained (Ward et al., 2014). All the same, a persistent decline in 
forest productivity can be observed in some vegetation types after fire (Simard et al., 2007). The 
detrimental effect of fire on plant biomass and soil may thus threaten forest carbon stocks.  
 
Global forests (tropical, temperate and boreal) can store 45% of terrestrial carbon (Bonan, 
2008). They account for 861 Pg C of global carbon stock with an annual global sink of 2.4 Pg C 
yr-1 while more than half of the carbon are stored in the tropical forest (Pan et al., 2011). Carbon 
is stored in forests through the process of photosynthesis where leaves absorb energy from the 
sun and transform carbon dioxide (CO2) from the atmosphere and water (H2O) into sugars that 
are used to produce new plant material as trees grow (Ryan et al., 2010). These enormous 
quantities of carbon are stored in aboveground and belowground tree biomass (living biomass 
of trees), herbaceous vegetation (understory vegetation), necromass (dead woody material) and 
soil organic matter in the tropical forest ecosystem (Fonseca et al., 2011; Gibbs et al., 2007; 
Sierra et al., 2007). From these carbon pools, the aboveground tree biomass is the biggest pool 
which is directly affected by deforestation and degradation (Gibbs et al., 2007). Hence, any 
damaging effect on the forest such as a forest fire will release the stored carbon into the 
atmosphere. It has been projected that the average global fire carbon emissions of 2.0 Pg C yr-1 
were found for the period of 1997-2009 with the largest source from Africa (van der Werf et al., 
2010). For tropical and subtropical ecosystems, vegetation fires alone emitted 2.1 Pg C yr-1 
throughout 1998 to 2001 (van der Werf et al., 2003). In some burnt forests in Ghana, for 
example Afram Headwaters, total carbon loss from fire was estimated at 46.2 Gg C in 2007 
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(Dwomoh, 2009). Based on these highlighted figures, the continuous destruction of forests by 
fire will cease the role of forests as carbon sinks (Appiah, 2007) and instead become carbon 
sources. The rising carbon dioxide (CO2) concentration in the atmosphere leads to climate 
change (Brown, 1996). Solomon et al. (2009) showed that climate change resulting from 
increased concentration of carbon dioxide in the atmosphere is irreversible for 1000 years after 
emissions stop. Fires are common in the landscapes of Ghana with several consequences and 
threats to carbon stocks which need to be managed to ensure sustainability of the forest.  
 
1.2 Problem statement and justification  
In Ghana, one of the biggest threats to the forest resources is fire. Forest fires result in 
cumulative annual loss of about US$210 million equivalent to 3% Gross Domestic Product 
(GDP) (MLFM, 2006). The causes have been mainly related to human activities. The recurring 
problem of forest fires through human lifestyle or livelihood activities has been associated with 
the absence of understanding of forest value, causes and negative impacts of fire (FORIG, 
2003; Nsiah-Gyabaah, 1996). In Africa’s tropical forest, human activities like slash and burn 
method of farming and forest fires have depleted more than 120 Mha of the area, while 60% of 
the forested area burns, particularly in the savanna strip in West Africa during the dry season 
(Kane, 1998). According to Agyarko (2001), in Ghana nearly 30% of the reserved forest areas 
are destroyed by fire annually. The situation does not differ in natural and plantation forests. 
Forest plantations established by the National Forest Plantation Development Programme in 
Ghana and other plantation projects are severely and annually lost to forest fires. This gradually 
has contributed to the loss of forest cover in Ghana. It has been calculated that the total 
coverage forest area decreased to 4.94 Mha from 1990-2010 with an average loss of 135,000 
ha from 1990-2000 and an additional loss of 115,000 ha from 2000-2005 while between 2005-
2010 a further decrease accounted for 115,000 ha (FAO, 2010). Despite these significant 
impacts and losses due to forest fires, consistent information on fire incidence, causes and 
impacts are still deficient at local, regional and global scales (Chuvieco, 2009), of which Ghana 
is no exception.  
 
Although some studies (Ampadu-Agyei, 1988; Appiah, 2007; Appiah et al., 2010; FORIG, 2003; 
Nsiah-Gyabaah, 1996; Orgle, 1994; Owusu-Afriyie, 2008) have been conducted on forest fires 
in Ghana, knowledge on them in the different ecological zones is still very limited. A number of 
these studies have also focused on other aspects of forest fires in Ghana. Most of the studies 
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did not consider the spatial and temporal distribution of fires in the country’s forest. This 
highlights that the spatial changes and the temporal characteristics of fire in the different 
ecological zones have not been fully determined in Ghana. Ampadu-Agyei (1988), only 
considered fire incidences from 1984-85, Orgle (1994) also looked at fire frequency within the 
period of 1910-93 while Owusu-Afriyie (2008) studied fire occurrences throughout 1997-2007 in 
the vegetation types of Ghana. Relatively, very few studies conducted in Ghana have presented 
data on fire events with the current situation still lacking despite the changes in vegetation 
types. Nevertheless, other attributes of the forest fire, including area burned were also not 
considered in most of these studies already carried out. The challenges may be due to limited 
data and difficulty in accessing data from recognized institutions which can sometimes be time-
consuming. This has also been confirmed by Lloret and Marí (2001) that there is scarcity of 
quantitative data for studying historical fire regimes. Also, existing studies on fire regime and 
their relationship with driving factors in Ghana have not been thoroughly examined as studies in 
other countries consider more other significant factors. Summarily, the inadequacy of fire 
records makes it difficult to study the current fire regime as well as impossible to determine the 
change from past times (Allan, 2003). 
 
For effective fire management, the understanding of fire behaviour in different weather 
conditions and within large and flammable landscapes is very important (Hammill and 
Bradstock, 2006). Even though several studies have been conducted on forest fires in Ghana 
and other African countries, knowledge on fire behaviour is still lacking in Africa, particularly in 
the savanna and grassland areas (Trollope and Trollope, 2002). In the same way like Ghana 
and some tropical regions, fire dynamics are poorly understood, not much is known about the 
fire regimes, fire effects and related carbon emissions (Oliveras et al., 2014). Currently, 
information on effect of fire on carbon stock is still lacking in Ghana. Most of the current studies 
on forest carbon in the country were not carried out with particular reference to forest fire. In 
addition to this, data on carbon stock in some forest reserves are still non-existent. Again, taking 
into account the various wildfire studies in Ghana, none of them focused on the aspect of 
carbon emission of the phenomenon (Dwomoh, 2009). Presently, with the increasing incidences 
of forest fires and changing forest area, it will be necessary to reveal the current trend and 
emission of forest carbon stock in the different ecological zones. A report by FAO (2010) also 
emphasized the importance of statistical trends in forest carbon stocks for supporting climate 
change prediction as well as developing appropriate mitigation and adaptation measures. To 
conclude, all these problems are likely to undermine the country’s ability to prevent, control, 
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manage and completely eliminate fires in the fragile ecosystems which are threatened by 
drought and desertification (Nsiah-Gyabaah, 1996). Given the inadequate information on the 
current situation of fires in the country’s forests necessitates a further research. To bridge the 
gap, the research conducts a detailed assessment of spatial and temporal distribution of fires, 
the driving factors, direct and underlying causes and its impacts, fire behaviour while 
determining the level and effect of fire on forest carbon stocks among different ecological zones 
of Ghana.  
 
1.3 Objectives of the research 
The important objective of this study is to acquire necessary information for understanding the 
dynamics of forest fires and carbon stocks among different ecological zones of Ghana. 
Specifically, the study will:  
 
1. Analyze the spatial and temporal distribution of fires in different ecological zones. 
 
2. Examine the driving factors, direct and underlying causes and impacts of fires in different 
ecological zones. 
 
3. Determine and compare the fuel dynamics to predict fire behaviour in various ecological 
zones. 
 
4. Estimate and determine the effects of fire on carbon stocks in different ecological zones. 
 
1.4 Questions about the research  
In projecting the understanding of forest fire dynamics and carbon stocks, the following 
questions were tackled. The main question of the study is: What is the current fire situation, the 
main driving factors and their effects on carbon stocks in different ecological zones? The 
following sub-questions support the main question: 
 
1. How does the distribution of fires differ spatially and temporally within the different 
ecological zones? 
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2. How and to what extent is fire increasing or decreasing in the different ecological zones? 
 
3. What is the level of losses concerning area burned due to fire in the different ecological 
zones? 
4. Which ecological zone is more susceptible to fire? 
 
5. What are the main drivers of fire, particularly in the different ecological zones? 
 
6. What are the direct and underlying causes of fire in the different ecological zones? 
 
7. What are the impacts of fires in the different ecological zones? 
 
8. What makes up the fuel types in the different ecological zones? 
 
9. How does the fuel behave to fire in the different ecological zones? 
 
10. What are the emitted quantities of carbon due to fire in the different ecological zones? 
 
11. Which ecological zone emits the most carbon in the event of fires? 
 
1.5 Hypothesis of the research 
The hypotheses have been developed to direct the course of the research. The hypotheses are 
related to the objectives and questions which reflect the understanding of fire dynamics and 
analysis of carbon stocks in different ecological zones. 
  
 The spatial and temporal distribution of fire is related to certain characteristics pertaining 
to the different ecological zones. Hence the spatial and temporal distribution of fire would 
be distinct in the different ecological zones. 
 
 Fire activity and underlying factors are not naturally induced in the different ecological 
zones due to human activities stemming from surrounding communities around the 
different forest reserves. 
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 The behaviour of fire would differ according to the fuel dynamics in the different 
ecological zones. 
 
 The amount and effect of fire on aboveground and belowground carbon stock would vary 
among the different ecological zones. 
 
1.6 Significance of the research 
Generally, forest fires have become an international and local problem with its management not 
fully achieved. The study contributes to the existing scientific researches that have been carried 
on forest fires in Ghana by investigating the spatial and temporal distribution, driving factors, 
direct and underlying causes and impacts of fire, behaviour of fire and effects of fire on carbon 
stocks in different ecological zones. These factors are necessary for understanding fire, 
changes in the forest, developing and implementing necessary management actions. The study 
considers both satellite data and field reports to determine the current trend of forest fires and 
different additional factors for understanding the drivers. The study also carries out experiments 
on the various fuel dynamics at different periods of time and season to depict the real behaviour 
of fire on the ground using the BehavePlus fire model. This will inform institutions involved in fire 
management about the likelihood of fire occurrence and their behaviour during certain periods 
of the year. Moreover, the study engages the local people during data collection. This enhances 
their understanding and knowledge on issues of forest fire. Another relevance of the study is the 
analysis of forest carbon stocks and emissions, which is necessary for disclosing the different 
levels of carbon among the ecological zones in Ghana. This analysis focuses on a non-
destructive method (ie. without falling trees) and destructive method (for seedlings and herbs) 
for estimating forest biomass and determining the effects of fire on aboveground and 
belowground carbon stocks using proposed equations. This study does not consider only an 
ecological zone, but several of them in the analysis for comparison. The research puts together 
quantitative and qualitative data from the field and already existing literature to reveal the fire 
dynamics and carbon stocks in the different ecological zones. The results will enlighten forest 
managers on fire activity and the quantity of carbon emitted by fire in different ecological zones. 
It is conceived that the determinants from the study can be considered in future planning and 
management of fires particularly in the forests of Ghana.  
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1.7 Structure of the dissertation 
The dissertation aims at unveiling the various fire dynamics and carbon stocks in different 
ecological zones in Ghana to enhance forest fire management. The study does not cover all the 
different ecological zones and forest reserves in Ghana due to the limited period of the study, 
greater number and size of forests and the cost involved. In all, the study was grouped into six 
chapters. The first chapter is the introductory part of the research that narrates the background, 
research problem and justification, research objectives, questions, hypothesis and significance 
of the research. The second chapter presents an overview and detailed review of literature 
related to the subject matter. It considers the distribution of forest fire, driving, underlying factors 
and impacts of these forest fires, factors influencing fire behaviour, fire types and behaviour, 
parameters of fire, change in forest resources and cover and measurement of forest carbon 
stocks. The third chapter describes the methodology employed to carry out the research. It 
further explains the study areas, the methods for acquiring quantitative and qualitative data. 
These methods of data acquisition were classified into field survey using interviews, satellite fire 
data (first approach) and field experiment (second approach). Additionally, methods and 
software for data analysis are clearly explained under this chapter. The fourth chapter shows 
the various analyses and results of the study. The results are presented according to the 
arrangement of the objectives. The fifth chapter discusses the results revealed by the study. For 
ease of reference and understanding, the discussion follows the arrangement of the results. 
Finally, the sixth chapter gives the general conclusion of the research findings, recommendation 
for future studies and some limitations. 
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CHAPTER TWO 
2.0 REVIEW OF LITERATURE 
2.1 Spatial and temporal distribution of fires in the forest  
The spatial and temporal distribution of fires varies among forest landscapes. The frequency of 
fires and area burned depend on the vegetation type, elevation position (altitude) and climatic 
conditions within a particular year (Barbosa and Fearnside, 2005). Based on these factors, fire 
frequency has less influence on total area burned as there are periods of low area burned 
marked with years of unusual fire activity (Oliveras et al., 2005). The frequency of fires can be 
high in certain years due to high and extreme temperatures with most occurrences during the 
day between 9 am and 12 pm (Gajovic and Todorovic, 2013). Ganteaume et al. (2013) also 
found out fires occurring from midday until mid-afternoon, especially at 3 pm. Furthermore, the 
increase in fire frequency during the day was human-related cause closely linked to human 
activities. The source of ignition influences the temporal distribution of fire. In addition, most 
forest fires occurring during the day (10 am to 5 pm) were attributed to favourable weather 
conditions and human activities (Ullah et al., 2013). Similarly, total area burned varies and years 
with the highest area burned corresponded with years with lowest precipitation (Cardozo et al., 
2014). The size of the area burned is strongly associated with the amount of precipitation, which 
decreases with increasing amount of precipitation with peak fires during the driest months of the 
year (Barbosa and Fearnside, 2005; Chen et al., 2014). In addition, Junpen et al. (2011) found 
that, annually, forest fires are higher during the dry season when surface fuels are dried and can 
easily burn. They also found out that during the fire season, the fuel load also increases 
especially fine fuels because trees shed their leaves on the forest floor. The understanding of 
fire frequency can also be related to human as they are the principal cause of forest fires. Yang 
et al. (2007) reported on human factors that determine the spatial locations of human-induced 
fires in the Missouri Ozark Highlands. Barbosa and Fearnside (2005) observed that most 
recurrent fires occurred in areas located near cattle ranches and indigenous villages in the 
savannas of Roraima. It is believed that the spatial and temporal characteristics of fires vary 
significantly across a landscape depending on resource characteristics. The analysis in three 
vegetation types showed increase mean fire sizes and area burned in the tropical dry deciduous 
forest, followed by tropical dry thorn forest and tropical moist deciduous forest (Kodandapani et 
al., 2008). Several studies such as (Lutz et al., 2011) have highlighted the association between 
annual area burned and fire severity which usually depends on fire size and vegetation type. 
According to Ganteaume et al. (2013) and Junpen et al. (2011), the understanding of the fire 
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occurrences distribution or spatial and temporal distribution of forest fire is crucial for planning 
effective forest fire management. 
  
2.2 Anthropogenic influences on forest fires 
The causes of forest fires can be unknown, natural, negligence, accident and arson. Negligence 
and arson are known to be the main cause of smaller and larger fires respectively (Ganteaume 
and Jappiot, 2013). Generally, in the tropics, the majority of the direct causes of forest fires is by 
humans (SCBD, 2001). Similarly, in Europe, human behaviour and activities constitute 95% of 
fires caused directly or indirectly while the rest (5%) represents natural causes (Catry et al., 
2010). The anthropogenic causes originate from fire for land clearing, expression of emotions 
and social conflict, honey hunting and the relation of fire with poachers, cigarette smokers and 
abandoned campfires (Manyatsi and Mbokazi, 2013; Tomich et al., 1998). Other causes of fire 
have been the use of fire for extraction of resources such as fishing, modification of habitat and 
access which become escaped fires (Applegate et al., 2001). Based on these, forest fire causes 
can be intentional and unintentional depending on the objective and use of the fire. 
Nyamadzawo et al. (2013) pointed out that, during land preparation, the use of fire has been 
common due to limited resources and equipment of poor farmers to cultivate land using 
mechanical methods. These significantly contribute to forest fires when fire escapes from the 
intended areas to forests. Hence, due to the higher fuel load in the understorey of the forest, 
they become very susceptible to fire (Applegate et al., 2001). In some cases, perceived 
unfairness to local people causes them to burn the forest. Due to low or non-payment of salaries 
and insecure property rights over land induce people to maliciously set fire to large scale 
forested areas (Nyamadzawo et al., 2013; Tomich et al., 1998). In some livelihood activities like 
honey collection in some African communities, the fire gets out of hand with the intention of 
smoking bees for easy collection of honey. Additionally, along forest roads and footpaths 
cigarette smokers throw away burning cigarette butts which result in forest fires (Manyatsi and 
Mbokazi, 2013). However, under normal conditions, cigarettes do not start wildfires except when 
it is windy with the existence of continuous, cured, finely-particulate fuel bed with relative 
humidity under 22% (NWCG, 2005). Hunters also use fire for hunting animals in the forest, 
thereby contributing to forest fires. The season for hunting normally corresponds with the dry 
season, when the fuel load is high and dry, thereby increasing fire start and spread 
(Nyamadzawo et al., 2013). Some of these causes were similarly mentioned and explained in 
previous research (Agyemang, 2012, Agyemang et al., 2015). The direct causes of these 
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anthropogenic forest fires have been related to some underlying reasons which include 
inappropriate land use allocation, land tenure matters, the shift in demographic characteristics 
among people, forest degradation practices through unsustain harvesting systems and 
practices, economic incentives or disincentives and inadequate institutional capacity (Applegate 
et al., 2001). 
 
2.2.1 Direct and Indirect driving forces behind anthropogenic fires 
The causes of forest fires can be minimized when natural factors driving fire ignition and 
attributes of communities around forest reserves affected by fire are understood. Drivers of 
forest fires are mainly through environmental factors (precipitation, temperature and drought) 
and human or socioeconomic factors (population densities, infrastructures, agriculture and 
pasture activities, education, unemployment and the level of poverty, migrants and illegal 
activities) which have positive, mixed and negative relation with fire (Bühler et al., 2013; 
Ganteaume et al., 2013; Michetti and Pinar, 2013). Precipitation reduces the danger of fires as 
area burned tend to be small during wet summers than dry summers (Pausas, 2004). Chen et 
al. (2014) studied precipitation regimes on forest fires in Yunnan province and concluded that 
the precipitation regime affects the number of fires and area burned. Likewise, temperature 
influences fire regime with higher temperature related to increased area burned (Flannigan et 
al., 2005). Running (2006) associated increased fire trend with observed greater temperatures 
and reduced moisture in several forests in the western United States. During drought, forest fuel 
can dry up and decrease fuel moisture content, becoming more combustible and therefore 
increases the chance of fuel ignition (Chen et al., 2014). Wooster et al. (2012) indicated a strong 
relation between fire, drought and El Nino on Borneo. Referring to the socioeconomic factors, 
the rate of population growth is related to fire frequency. The frequency of fire tends to be high 
at intermediate densities and lower at low population densities as most fires are created by 
human (de Torres Curth et al., 2012; Syphard et al., 2007). On the other hand, at a certain 
threshold of human population density and development, fires decline due to insufficient fuels 
and increasing fire suppression resources (Syphard et al., 2007). The presence of human 
activities and infrastructures are important for direct human-caused fire ignition. Buildings and 
drivable roads are considered to be the most significant anthropogenic components concerning 
fire ignition (Conedera et al., 2015). Under conditions of agriculture and pasture, the use of fire 
in traditional activities in remote areas such as burning slash and burning brush to renew 
pastures are also associated with fire outbreak (Martinez et al., 2004). Basically, the level of 
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education of people living in and around forest area is important as most educated people have 
fundamental knowledge about fire. Fires are not common in areas with more educated people 
(Butry et al., 2002; Bühler et al., 2013; de Torres Curth et al., 2012). Consequently, the relation 
of fire causes to young or older people will also be dependent on the level of education. People 
with employment and a high level of income do not depend directly on the forest for livelihood 
and other basic support which results in high fire risk. Hence, the contribution of high 
unemployment rate and poverty towards the increase in fire occurrences through human have 
been identified (Bühler et al., 2013; de Torres Curth et al., 2012; Martínez et al., 2009). 
Furthermore, another contributing factor can be the seasonally of migrants from other areas to 
agricultural settlements. The number of migrants in such areas increases as well as fire trend 
due to the use of fire in an unfamiliar environment (Applegate et al., 2001). This is common in 
the tropics, where people living in areas with unproductive lands move to other agricultural 
areas to earn a living. Moreover, the forest is sometimes subjected to accidental burn through 
illegal logging activities which also open up the forest canopy and promote invasive weeds 
making the forest more vulnerable to fire (Applegate et al., 2001). 
 
2.2.2 Impacts of forest fires on social, economic and environment 
Many people have lost their homes and properties with other health implications as a result of 
forest fires. There are several crops, tree resources and farm equipment that are destroyed by 
fires resulting in monetary losses to farmers in many tropical countries (Appiah et al., 2010; 
Nyamadzawo et al., 2013). The spread of fire in the forest landscape poses a substantial 
economic loss and menace to human through smoke pollution (Nepstad et al., 2001). Trees are 
also affected by smoke from fires through reduced photosynthetic activities (Davies and Unam, 
1999). Through fire incidences, about 150 to 250 million ha of the 1.8 billion ha of the tropical 
forests are affected by fire annually at the global level (Appiah, 2007). Some ecosystems are 
fragile and the recurrences of fire in the forest contribute to climate change due to emitted 
carbon into the atmosphere which could lead to changes and impoverishment of biodiversity in 
the ecosystem at the global scale (Nasi et al., 2002). Depending on the frequency, intensity and 
severity of fire, the physical, chemical and biological properties of forest soil can be affected 
(Verma and Jayakumar, 2012). These impacts of fire on the soil can result in undesirable 
changes in the productivity in the site, sustainability, biodiversity and watershed hydrologic 
response (DeBano and Neary, 2005). Accordingly, timber resources are affected by fire. It has 
been stated that over 4 million m3 of exportable timber were lost to fire in Ghana between 1982 
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and 1983 (Appiah, 2007). In 2012, about 1,694.3 ha of timber were destroyed by fire in the 
Manicaland province of Zimbabwe which put pressure on the timber industry and the economy 
(Nyamadzawo et al., 2013). Forest plantations are not left out with several losses. There is clear 
evidence that the consequences of fire can change the forest ecology. Nasi et al. (2002) 
highlighted that one of the significant ecological effects of burning is the increase occurrence of 
further burning in subsequent years as dead trees fall on the ground, opening up the forest to 
sunlight and building up the fuel load with an increased fire-prone species. Although fire can 
destroy certain species and seed bank, it can also promote the germination of some species in 
some forest communities like the dry sclerophyll forest (Penman et al., 2008). Not only are the 
floral affected, but some fauna that exists in the forest. Mammals, birds, other vertebrates and 
invertebrates are killed or displaced due to loss of habitat after fire disturbance which may upset 
the local balance and contribute to wildlife loss (Nasi et al., 2002). The effects of fire on the 
ecosystems are severe which requires serious attention and management to make it beneficial 
rather than impacting negatively. 
 
2.3 Understanding fire and fire behaviour in forests  
2.3.1 Combustion 
Some of the themes under this section were also considered by Salis (2008). However, there 
are differences in literature with similar understanding, some significant addition and different 
examples. There are several elements such as fire causes, fuel characteristics and weather that 
obviously influence fire start, development and behaviour. Trollope et al. (2004) mentioned that 
to examine fire behaviour requires the understanding of combustion phenomenon. Combustion 
has been explained as an oxidation process that combines hydrocarbon materials with oxygen 
and produce carbon dioxide, water and energy. Hence, the process is an inverse of 
photosynthesis (van Wagtendonk, 2006). The process of combustion is clearly presented in the 
formulae below (Trollope et al., 2004): 
 
CO2 + H2O + Sunlight Energy  (C6H10O5)n +O2 Photosynthesis  (1) 
(C6H10O5)n +O2 + Kindling Temperature              CO2 + H2O + Heat      Combustion (2) 
 
Endothermic reaction  Exothermic reaction 
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In view of Omi (2005), the process of combustion begins as an endothermic reaction which later 
becomes exothermic reaction due to the demand of heat to start fire and the production of heat 
when fire occurs. According to Bailey and Montague (2003) and Trollope et al. (2004), for 
combustion to occur, it requires the presence of fuel, oxygen and heat known as fire triangle. 
Combustion will not start in the absence of any of these three components. The three 
components for combustion to occur are depicted in Figure 1.  
 
 
 
 
 
 
 
Figure 1: The fire triangle (Bennett et al., 2010; Trollope et al., 2004). 
 
In the forest ecosystem, fuel such as trees, dead leaves, grasses, litter, brush, climbers and 
lianas are very flammable materials and the flammability of these fuels depend on how fresh or 
dried they appear (Camp and Daugherty, 2000). This makes fuel an important component in the 
fire triangle when it comes to the forest. Oxygen is the second component of combustion. The 
amount of oxygen needed for combustion is normally enough in the forest. However, the right 
amount of oxygen to support fire is related to the arrangement of the forest fuels (Bailey and 
Montague 2003). This is because the surrounding air easily moves the fire through the spaces 
of the fuel. During combustion, the fire flame is fanned by the wind or uses the hot air that rises 
from the flame to continually burn and spread (Camp and Daugherty, 2000). Thus, in spite of 
wind, fuel arrangement can influence ignition and rate of spread. As an example from Bailey 
and Montague (2003), combustion will occur rapidly in loosely layered pine needles as the 
entire mass is fairly exposed to air but slow with deep tight compacted duffs. The last 
component of combustion is heat. The amount of heat required to start a fire is reliant to the 
nature of fuel available. With low fuel moisture content or dried when exposed to air and heat 
Fire 
 
Oxygen 
Fuel 
Heat 
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can easily ignite. The ignition temperature of most forest fuel ranges between 316oC to 471oC. 
Therefore, the length of time fuel is exposed to heat influences the initiating process of 
combustion (Camp and Daugherty, 2000). However, the heat of a forest fire is mostly 
dependent on the weather, particularly in the dry season. 
 
According to DeBano and Neary (2005), during the process of combustion, three main phases 
are observed:  
1. Flaming (Cochrane and Ryan, 2009; Johnson, 1995; Miyanishi, 2001; Ottmar, 2001; 
Pyne, 1984; Ward, 2001).  
2. Smouldering (Cochrane and Ryan, 2009; Miyanishi, 2001; Ottmar, 2001; Ward, 2001)  
3. Glowing (Johnson, 1995; Ottmar, 2001; Pyne, 1984;  Ward, 2001). 
 
For the period of flaming phase, there is a rapid increase in temperature of fuel due to the 
release of fuel moisture into the atmosphere by heat. This leads to flaming of combustible gases 
and vapors as pyrolysis is accelerated. During this stage, as long as volatile emissions needed 
by flame are still present the efficiency of combustion is normally high. Simultaneously, carbon 
dioxide and water vapor are the main products released into the atmosphere (Ottmar, 2001). 
The smouldering phase follows when flaming stops, leaving visible smoke into the atmosphere. 
This takes place when the flaming combustion cannot be supported due to decreased 
combustible gases and vapor above the fuel. This leads to drop in temperature and decreased 
fire spread. Smoke is then formed from the condensation of the gases and vapor while more 
particulate emissions are produced than the former phase (Ottmar, 2001). During the glowing 
phase, there are totally dispelled volatile gases and the remaining char from the previous 
phases are exposed to atmospheric oxygen. The fuel then depicts some burning characteristic 
of glowing in orange colour with reduced visible smoke and drop in temperature until it turns into 
ashes (Ottmar, 2001).  
 
2.3.2 Factors influencing fire behaviour 
Fuel, topography and weather determine the spread and intensity of fire, but fuel is the only 
element that can be altered (Bennett et al., 2010). The rest cannot be manipulated. These three 
elements form the fire environment or fire behaviour triangle as shown in Figure 2 (Bennett et 
al., 2010; Cochrane and Ryan, 2009). 
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Figure 2: Fire behaviour triangle (Bennett et al., 2010). 
 
a. Fuel 
Forest fires are triggered by fuel attributes such as quantity, compactness, sizes, arrangement, 
moisture and types. Forest fuels are living or dead wood and plant materials that will burn with 
fire (Trollope et al., 2004). From the fuel composition, the plant tissue is made up of carbon 
(50%), oxygen (45%) and hydrogen (5%) by weight, whereas the wood contains cellulose (41% 
-53%) or (50% - 75%) together with hemicelluloses and lignin (15% - 35%) (Thomas and 
McAlpine, 2010). As the wood decay, the amount of lignin in the wood increases as high up to 
65% (Ward, 2001). Dead fuels increasingly contain higher lignin which is difficult to decompose 
than cellulose. The differences in composition express considerably how well different fuels 
burn (Thomas and McAlpine, 2010). Fuels are then considered essential element for fire ignition 
and understanding of fire behaviour.   
 
Fuel quantity and sizes 
The amount of total fuel expressed in units of mass per unit area, metric tons per ha or tons per 
acre, kg per m2 or Ib per ft2 refers to fuel quantity (Omi, 2005). The quantity of fuel can further 
be classified into two main sizes which are fine and coarse. Fine fuels have a diameter of up to 
6 mm such as grasses, small branches, needles and leaves that ignite easily with little heat and 
depending on their arrangement, whether compacted or loosely can burn slowly or rapidly 
(Trollope et al., 2004). Tree species play a role and through the lifespan of a given species, the 
production of fine fuels increases with age but decreases as species age reaches utmost 
longevity (He et al., 2004). These fuels react quickly to relative humidity and temperature 
17 
changes and are the main carriers of wildland fire (Benson et al., 2009). Coarse fuels are logs, 
stumps and thicker branches of more than 6 mm diameter, which dry slowly and to ignite, needs 
more heat, but once ignited, can burn continuously for a longer time than the former (Trollope et 
al., 2004). In the forest, the accumulation of coarse fuels has depended on stand age and 
disturbances and gradually increases as the stand gets older (He et al., 2004).  
 
Classification and arrangement of fuel 
Schottke (2014) and Trollope et al. (2004) classified the distribution of fuels into three main 
types which are ground (subsurface), surface and aerial (canopy) fuels. Ground or subsurface 
fuels are made up of decomposed and combustible materials such as duff, roots, moss and 
stumps lying beneath the ground and when ignited are not easy to locate and extinguish 
(Schottke, 2014). They burn very slow due to their compactness while the rate of spread and 
fire intensity tend to be small (TDA, 2002). Ground or subsurface fuels constitute ground fires. 
Grass, small trees (seedlings and saplings), leaves or needles, twigs and brushes located on 
the surface of the ground are surface fuels and are less compact which, influences fire spread 
compared to the ground fuels (Schottke, 2014; TDA, 2002).  
 
         
Figure 3: Fuel arrangement classified into the ground, surface and aerial fuels (TDA, 
2002). 
18 
These kinds of fuels are liable to surface fires resulting in crown fires if aerial fuels are present. 
Aerial (canopy) fuels include high shrub, tree branches and canopy fuels located in the upper 
canopy of the forest more than 2 m above the ground (TDA, 2002; Schottke, 2014). Forest 
stands with open canopies have a quicker spreading surface fire than closed canopy stands 
(TDA, 2002).   
 
Flammability and fuel moisture  
Fuels contain a certain amount of water referred to as fuel moisture. The intensity, spread and 
speed of ignition are influenced by fuel moisture. Obviously, fuels with low moisture content 
ignite and burns easily than fuels with high moisture content (Schottke, 2014). In relation, dead 
and live fuels may have different moisture content, and influence fire differently. In Benson et al. 
(2009), dead fuels are porous in order that water is absorbed and desorbed like a sponge 
through the process of diffusion. Consequently, the calculation of fuel moisture is expressed on 
dry matter basis (Trollope, 2004). For combustion to start effectively, the amount of moisture in 
the quantity of fuel present must be very low. Several factors such as season of the year, 
relative humidity, amount of rainfall and vegetation type contribute to the amount of fuel 
moisture. Concerning the type and condition of the fuel, also create variation in fuel moisture 
content (Schottke, 2014). This will depend on the fuel being fine or coarse, dead or alive, 
ground, surface or aerial. Therefore, fuel moisture content is the water weight of fuel over the 
dry weight of the same fuel sample expressed in percentage (Chuvieco et al., 2004) and can be 
presented mathematically as: 
 
FMC = 100
dry WF
dry WFw etWF

 
%        (3) 
 
Where (WF wet) is the wet weight of fuel and (WF dry) is the dry weight of the same fuel 
sample. The difference between (WF wet and WF dry) indicates the amount of water 
contained in the fuel. Such explanations have been given by several authors (eg. Salis 
2008). Therefore, the amount of water in available fuels determines the possible extent 
of the flammability of the fuels.  
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Timelag of fuels    
The timelag period defines the time a fuel needs to reach approximately 63% of the difference 
between original and equilibrium moisture contents in constant conditions of the environment 
(Carlson et al., 2007). The period of time necessary to attain the equilibrium moisture content 
depends on the fuel properties such as size and diffusivity (Pyne, 1984). Fuels with smaller 
particle size have larger surface-area-to-volume ratio and responds rapidly to environmental 
changes, hence shorter timelag (TDA, 2002). All fuel particles are categorized under four 
timelag classes depending on the diameter of particles or depth of fuelbeds:  
1. 1 hour timelag: fuel diameter equal to (0.25 in or 0.64 cm), fuelbed surface 
2. 10 hour timelag: fuel diameter from (0.25 to 1.0 in or 0.64 to 2.5 cm), fuelbed down to 
(0.75 in or 1.5 cm) 
3. 100 hour timelag: fuel diameter from (1.0 to 3.0 in or 2.5 to 7.6 cm), fuelbed from (0.75 to 
4 in or 1.6 to 10.2 cm) and 
4. 1000 hour timelag: (3.0 to 8.0 in or 7.6 to 20.3 cm) fuelbed from (4 to 12 in or 10.2 to 35 
cm) (Pyne, 1984). 
From above, the smaller the fuel size the shorter the timelag and the bigger the fuel size the 
greater the timelag. The first (1-hr) and second (10-hr) categories of the timelag as well as 
fuelbed surface below 5 cm manipulate fire spread and intensity (Pyne, 1984).  
 
Fuel compactness and depth 
Fire behaviour is also influenced by fuel compactness and depth. The space between fuel 
particles describes the fuel compactness (TDA, 2002). Generally, there are few flare-ups and 
slow rate of spread with even distribution of flame when fuel layer is compacted on the forest 
floor (Trollope et al., 2004). This means that within a short period of time, adequate amount of 
heat and oxygen cannot reach the large surfaces of the fuel when fuels are tightly compressed 
causing fuel to burn slowly and longer (Schottke, 2014). In this regard, grassland or dry grass 
will burn faster with a faster rate of fire spread compared to a forest floor of a matured pine 
stand or large tree trunks (Trollope et al., 2004; Schottke, 2014). In addition, the height of the 
flame and the rate of spread of fire front are regulated by the fuel depth (Trollope et al., 2004). 
To add to this, the type of species within the forest can contribute to fuel compactness and 
depth through its ability of shedding leaves during a certain time of the season. 
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b. Topography 
The topography of a landscape can also influence fire behaviour. Topography is the most 
unchanging element in the fire behaviour triangle which affects fire spread by slope, aspects, 
elevation and other topographic features (Bennett et al., 2010). The influence of topography on 
fire will be restricted on flat lands due to the characteristics mentioned. According to Planas and 
Pastor (2013), fire propagation is directly influenced by topography, but among all the 
topographical features, the slope has the utmost influence on fire behaviour. As an example 
used by Bennett et al. (2010), on the upslope, fire tends to spread rapidly than down slope. 
They explained that upslope fuels get preheated and dry as heat rises in front of the fire making 
it more rapid for combustion (Figure 4). Nevertheless, the influence of topography and its 
relation to fuel and climate on fire spread become apparent when fires get larger (Liu et al., 
2013). Considering the direction of the slope which describes aspect, affects the degree of solar 
radiation reaching a site or vegetation type (Bennett et al., 2010). Fuels tend to dry out faster 
and thoroughly during fire season with south-facing slopes, as much higher solar radiation is 
received than north-facing slopes. The elevation affects fire spread and intensity (fire behaviour) 
by influencing the rainfall pattern and wind exposure. Due to higher temperatures and lower 
rainfall, fuels dry out earlier in the year specifically in lower elevations (Bennett et al., 2010). 
Some further explanations can be deduced from Figure 4. 
 
                               
Figure 4: The spread of fire: A. On flat land and B. Upslope. Fire spreads rapidly upslope 
(Bennett et al., 2010). 
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c. Weather  
Weather has several impacts on forest fires. The most common parameters are the wind, 
precipitation, temperature and relative humidity. All the elements of weather can change and 
influence fire behaviour to be high or low. In the fire behaviour triangle, weather is the most 
variable element capable of changing quickly (Bennett et al., 2010). The weather is the situation 
of the atmosphere at a particular place and time and the weather conditions over a period of 
time forms climate (Benson et al., 2009). Weather is a natural component influencing fire 
behaviour and area burned (Flannigan and Wotton 2001; Penman et al., 2013). The condition of 
the weather being low or high results in changes in forest fuel. Extended drought results in very 
low moisture content of fuel leading to increased fire activity and intensity (Bennett et al., 2010). 
As a result, losses and damages may be influenced by weather. Although several factors 
contribute to fire behaviour, the weather can have the most influence on fire spread and fire 
intensity and the one which can also be directly influenced by climate change (Collins, 2014). In 
most instances, the fuel moisture, lightning ignition, growth of fire through wind action are 
determined by the weather affecting area burned (Flannigan et al., 2005). In order to determine 
fire behaviour in the forest, understanding the weather particularly the wind and temperature are 
very important. During high temperatures of the day, the rate of fire spread increases with 
greater fire intensity and often produces large smoke while some fires are pushed by wind 
towards a direction (Bennett et al., 2010). A conclusion based on Pausas (2004) emphasized 
that climatic parameters may be the reasons for some of the variability in annual area burned 
whereas human factors may determine fire ignitions. Based on the above explanations, the 
change in weather is likely to contribute to forest fires and area burned. The increase in fire 
frequency and intensity are possible with global warming, which can adversely affect vegetation 
and carbon storage (Kasischke et al., 1995). 
  
2.3.3 Forest fire types and behaviour 
The types of forest fires relate to the arrangement of the fuel types which can be classified as 
ground, surface and crown fires (Bennett et al., 2010; Scott & Reinhardt, 2001; Trollope et al., 
2004). They are manipulated by fire intensity and fuel characteristics such as moisture, load and 
structure and differ across an area (Flannigan et al., 2000). In view of this, all the fire types are 
very destructive to the forest ecosystem which calls for its management.  
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a.  Ground fires 
Ground fire burns fuels, including duff, roots, rotten buried logs or organic material under the 
ground surface through smouldering fires (Scott and Reinhardt, 2001; Trollope et al., 2004). 
These fires burn and spread slowly without producing flames which make it very difficult to 
detect and can burn for several days or weeks unnoticed due to their burning nature (Bennett et 
al., 2010; Trollope et al., 2004). This makes it very dangerous and destructive.  
 
 
Figure 5: Ground fire. The red dashed line shows the smouldering duff layer base 
(Bennett et al., 2010). 
 
 
The ground fire causes significant injury to trees and shrubs due to where they occur (Scott and 
Reinhardt, 2001). By burning and damaging the roots kill trees and shrubs. Surface fires 
normally ignite ground fuels, resulting in ground fires, although they can be ignited directly by 
the heat beneath (Scott and Reinhardt, 2001). When ignited directly underground, exposure to 
dry wind, high air temperature and low relative humidities cause fire to appear on the surface 
(Trollope et al., 2004). Subsequently, the surface fuels are ignited, resulting in surface fires. 
 
b. Surface fires 
Surface fire consumes surface fuels composed of litter, small trees, shrubs, grass and woody 
branches on the ground surface (Bennett et al., 2010; Scott and Reinhardt, 2001; Trollope et al., 
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2004). The extent of damage and mortality can be low or high depending on the severity of the 
surface fire. More than 70 percent trees can be destroyed by surface fires with high severity 
(Bennett et al., 2010). This fire type is the most common as most fires start as surface fires. In 
such cases, depending on the fuel type, topography and climatic conditions may or may not 
extend into ground or crown fire (Trollope et al., 2004). All the same, the development of surface 
fires into crown fires is based on the connection of ladder fuels between surface fuels and crown 
fuels, which will favour torching and crowning under favourable fire weather conditions (Bennett 
et al., 2010). Fuels present on the surface of the ground tend to be loose, which ignites easily 
causing surface fires to occur frequently in the forest. 
 
 
Figure 6: Surface fire (Bennett et al., 2010).  
 
c. Crown fires 
Aerial or canopy fuels in the forest are burned by crown fire. Live and dead foliage, lichens, live 
and dead branchwood make up the canopy fuels, which have higher moisture content than the 
surface fuels (Scott and Reinhardt, 2001). To determine how crown fires can easily develop 
apart from ladder fuels also depends on the type of fuel, fuel volume, foliage moisture content, 
surface flame length, height of the tree crowns above the surface of the ground and density of 
tree crowns (Bennett et al., 2010; Trollope et al., 2004). With regards to this, crown fires can be 
passive, active and independent (Bennett et al., 2010; Trollope et al., 2004). The passive crown 
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fire is when individual trees or groups of trees torch out, but solid flame is not constantly 
maintained in the canopy (Bennett et al., 2010; Scott and Reinhardt, 2001). However, the rate of 
spread of passive crown fire is controlled by the surface fire (Trollope et al., 2004). The supply 
of heat from the surface fuel to the crown leading to the entire canopy fuel burning explains 
active crown fire. This is the most common type of crown fires also termed as dependent crown 
fire. However, fire can start directly in the canopy fuels, but is mostly rare called independent 
crown fire (Scott and Reinhardt, 2001; Trollope et al., 2004). 
 
 
       
Figure 7: Crown fire. A. Passive crown fire or torching and B. Active crown fire (Bennett 
et al., 2010).  
 
2.4 Parameters of forest fires  
The parameters of forest fires are necessary to understand the role of fire and determine the 
effect of fire on the vegetation. These parameters include fire frequency and seasonality, fire 
intensity and fire severity which describes forest fire regime and may be modified by climate, 
terrain, plants and human (Sawyer, 2006). The concept of fire regime describes when, where 
and which fires occur, conditions of fire occurrence and immediate effects of fire in a given place 
and time (Krebs et al., 2010). The term low, moderate and high can be used to describe the 
parameters of fire regime based on the degree of disturbance. Fires that burn on or above the 
A B 
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forest floor with no significant damage have low severity with low intensity. Fires that kill portions 
of forest overstorey can be described as moderate severity with moderate intensity while 
complete or nearly complete mortality of the forest overstorey are associated with high severity 
and high intensity fires  (Kaufmann et al., 2007). 
 
a. Fire frequency and seasonality  
In a particular forest area, the number of years between one fire and the next event describes 
fire frequency. The fire may involve individual tree or many acres of trees while having a 
seasonal pattern (Sawyer, 2006). This seasonality pattern can simply be explained as the 
season fire occurs most within a particular year. Depending on the phonological period fires 
occur, the impacts of fires can differ greatly being severe or less severe. However, the dry 
season or periods of droughts have been the season of fires, particularly in the tropics 
(Cochrane and Ryan, 2009).  
 
Table 1: A simplified description of fire frequency and time between fires summarized 
from Kaufmann et al. (2007). 
Fire frequency Time between fires 
Low frequency 100 or more years apart 
Moderate frequency 35-100 years apart 
High frequency Less than 35 years apart 
 
The fire frequency can be described as low, moderate and high depending on the time between 
fires in a given period of time and area or fire interval and thus, fire frequency relates to fire 
interval (Kaufmann et al., 2007). The frequency of fire has a strong effect on species richness, 
composition and structure of the forest (Burton et al., 2010). 
b. Fire severity 
The ecological consequences which can be immediate and long-term on ecosystems (plants, 
soil and animals) after an event of fire refers to fire severity. Fire severity is a significant 
parameter for understanding ecological effects and a function of both fire intensity and duration 
(Cochrane and Ryan, 2009; Kaufmann et al., 2007). It expresses the degree of plant mortality or 
the amount of fuel consumed by fire in an area (Cochrane and Ryan, 2009; Sawyer, 2006). 
According to Keeley (2009), the organic matter loss both above and belowground from fire 
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explains fire severity. Examples such as crown canopy scorch, crown volume kill and bole 
height scorch are some aboveground measures while ash deposition, surface and belowground 
organic matter constitute belowground measures. Hence, fire severity characterizes fire impacts 
and depends on fire intensity. The severity of fire is described at three levels with brief 
description based on plant mortality (Table 2). 
 
Table 2: Levels of fire severity and description modified from Sawyer (2006). 
Levels of fire severity Brief description 
 
Low severity 
 
Only few trees are destroyed by fire while large trees survive. 
Afterwards, few seedlings establish. Such fires are surface fires. 
 
Moderate severity Generally, patches of large trees are heavily wiped out by fires. 
Subsequently, there are many new seedlings that develop. They are 
considered as stand modifying fires. 
 
High severity Majority of larger trees is damaged by fire. After the fire, a new stand of 
trees is recognized. Thus, stand-replacing fires.  
 
c. Rate of fire spread 
The determination of the rate of fire spread is essential for understanding fire behaviour. It has 
been explained as the distance perpendicular to the moving flame front per unit time in an area 
(Johnson, 1995). However, due to the changing fire environment (fuel, topography and 
weather), the speed of a moving fire will differ over time and place. Fire spreads successfully 
through drier fuels, upslope and wind direction (Cochrane and Ryan, 2009). The wind is a 
crucial factor in manipulating fire in several ways. The fire may spread in the direction of blowing 
wind (heading fire), where the wind is blowing from (backing fire) and perpendicular to the wind 
(flanking fire) (Benson et al., 2009). In addition to the influential factors, fire spreads through 
transfer of heat to near fuels through convection, conduction and radiation (Cochrane and Ryan, 
2009; TDA, 2002). Convection is the most common heat transfer by fire through fluids. 
Conduction transfers heat through solids while radiation is the emitted heat from fire that 
preheats fuel (Cochrane and Ryan, 2009; Pyne, 1984; TDA, 2002). It can be deduced that the 
rate of fire spread regulates the area burned.   
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d. Fire intensity  
This has been explained by Kaufmann et al. (2007) and Keeley (2009) as during combustion 
process, the amount of energy that is released from fire or time-averaged energy flux expressed 
in watts per square meter (Wm-2). Therefore, fire intensity is not suitable for describing long-term 
fire effects (Kaufmann et al., 2007). However, It can also be measured as temperature, fireline 
intensity, residence time and radiant energy; essential for understanding fire behaviour in the 
forest (Keeley 2009). Fire intensity correlates with fire severity which determines fire impacts on 
the ecosystem as presented in Figure 8 (Keeley, 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: The relation of fire intensity, fire severity, ecosystem responses and societal 
impacts adapted from Keeley (2009).  
 
2.5 Change in Ghana’s forest resources and cover  
The forests in Ghana are grouped into on (forest reserves) and off-reserve (forest outside forest 
reserves) areas. They consist of 266 forest reserves, of which 216 exist within the high forest 
zone (Bird et al., 2006). In Ghana, about 40% of the total land is forest making up 9.2 Mha 
which is further classified based on ecological conditions. However, the remaining intact closed 
forest was estimated at 1.5 Mha in 1992 (Agyarko, 2001). It has been figured that more than a 
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quarter of Ghana’s total forest cover was lost between 1990 and 2005. The rate of decline in the 
forest can lead to a total disappearance of forests in less than 25 years without addressing the 
problem (Boafo, 2013). In the last years, fire has been the immediate cause of forest 
degradation in Ghana (Agyarko, 2001). As a result, most forest reserves are currently disturbed. 
These disturbances have led to the inadequate forest cover of 14% of the total permanent forest 
estate (forest reserve) while the moist semi-deciduous north-west and south-east subtype forest 
zones are the most affected forest areas (Agyarko, 2001). Over the last century, most off-
reserve forests have been converted to agricultural lands. Consequently, timber trees in off-
reserve are located in agricultural lands, fallow lands, patches of secondary forest and 
settlements (Agyarko, 2001; Kotey et al., 1998; MLNR, 2012). The deforestation rate accounts 
for 2% in on-reserves and 5% in off-reserves (Tamakloe, 2000). The country is continuously 
losing its forest cover at an alarming rate, and if the trend continues, it will leave the nation with 
no forest in the future. 
 
2.6 Measurement of forest carbon stocks and losses 
Currently, information on forest carbon stocks has become critical globally. Vashum and 
Jayakumar (2012) noted that estimating forest carbon stocks facilitate the quantifying of carbon 
emitted through deforestation or carbon stored by forests. Sierra et al. (2007) also mentioned 
another significance of estimating forest carbon stocks in tropical ecosystems, purposely for 
understanding global carbon cycles, mitigation of global warming and ecosystems management 
for carbon sequestration purposes. In the forest ecosystem, carbon is stored in both vegetation 
and soil. Globally, more than 55% of the forest carbon are stored in vegetation and 45% in the 
soil (Brown, 1996). The carbon in vegetation is made up of above and belowground living 
biomass (42%), deadwood (8%) and litter (5%) (Pan et al., 2011). The tropical forests have the 
largest pool of carbon in the forest vegetation (62%) while the boreal forests are noted for most 
carbon pool in the forest soils (54%) in world forests (Brown, 1996). However, in the tropical 
forests, total carbon stored in the vegetation is almost the same amount stored in the soil from 
the top to 1m depth (Brown, 1996; Dixon et al., 1994). Contrarily, a more recent study (Djomo et 
al., 2011) showed more carbon content in vegetation than in the soil in a tropical moist forest in 
Africa. Pan et al. (2011) also indicated about 56% of the carbon stored in vegetation and 32% in 
soil in the tropical forests.  
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Table 3: Advantages and disadvantages of methods to estimate national-level forest 
carbon stock (Gibbs et al., 2007). 
Methods Description Advantages Disadvantages Uncertainty 
Biome 
average 
approach 
Estimates of mean 
carbon (C) stocks for 
biomes based on data 
sources  
Free availability  
Data cleaning 
boost accuracy 
Globally reliable 
Fairly generalized 
Data sources 
improperly sampled  
 
High 
Forest 
inventory  
 
 
Measuring tree dbh or 
volume to forest C 
stocks using 
allometric 
relationships 
Generic 
relationships 
readily obtainable 
Low-tech method  
Quite inexpensive 
Generic 
relationships 
inappropriate for all 
areas, can be costly 
and slow and difficult 
for global consistent 
results 
 
Low 
Optical 
remote 
sensors 
Measuring spectral 
indices and compare 
to ground base C 
analysis  
Eg. AVHRR, Landsat, 
MODIS    
 
 
Satellite data 
regularly collected 
and freely available 
globally 
Globally consistent 
Restricted well 
models for tropical 
forests, spectral 
indices saturate at 
low carbon stocks 
and technically 
involving  
  
High 
Very high 
resolution 
airborne 
optical 
remote 
sensor 
Applies 10-20 cm 
resolution to ascertain 
tree height and crown 
area and allometry to 
estimate C stocks  
Eg. Aerial photos 
Cuts down time 
and cost 
Rational accuracy 
Proof for 
deforestation 
baseline 
 
Deals with small 
areas, expensive 
and technically 
demanding 
unavailable 
allometric relations 
based on crown 
area 
 
Low to 
medium 
Radar 
remote 
sensors 
Employs microwave 
and radar signal to 
quantify the forest 
vertical structure  
Eg. ALOS, PALSAR, 
ERS-1, JERS-1 
Free satellite data 
Likely improved 
data from new 
system launched in 
2005 
Correct for young 
and sparse forest 
 
Reduced accuracy 
in complex canopies 
of stands, errors 
increases in 
mountainous area, 
costly and 
technically involving 
 
Medium 
Laser 
remote 
sensor 
Utilizes laser light to 
estimate forest height 
and vertical structure  
Eg. Carbon 3-D 
satellite system joins 
vegetation canopy 
LiDAR with horizontal 
imager  
Precisely estimates 
the total spatial 
variability of forest 
carbon stocks 
Possible to 
estimate global 
forest carbon 
stocks 
Only airplane-
mounted sensor, 
satellite system not 
funded, needs 
extensive data from 
the field, costly and 
technically 
demanding  
Low to 
moderate 
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The forest has a great ability to store carbon and at the same time become sources of carbon 
dioxide when disturbed by harvesting, degradation, wildfire, outbreaks of pest and disease and 
conversion of forest to agriculture and pastures (Brown, 2002). Fires have been considered 
among other factors as drivers of deforestation and forest degradation in the tropics (Houghton, 
2012). It is also estimated that roughly 1.4 pentagrams of carbon per year (PgC yr-1) were 
emitted into the air as a result of deforestation and forest degradation throughout the period of 
1990-2010 (Houghton, 2013). There have been several suggested methods of estimating forest 
carbon stocks such as biome averages, ground-based measurement and remote sensing and 
GIS (Gibbs et al., 2007; Vashum and Jayakumar, 2012). In Table 3, the various methods are 
explained with their advantages, disadvantages and the level of uncertainty.  
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CHAPTER THREE 
3.0 RESEARCH METHODOLOGY 
3.1 The study areas 
Classification of ecological zones or forest types in Ghana 
The research was carried out in different forest reserves belonging to different ecological zones 
in Ghana. Ghana can be found in the western part of Africa and borders with Togo (East), Cote 
D'Ivoire (West), Burkina Faso (North) and the Gulf of Guinea (South). It is located between 
latitudes 4º and 11.5º N of the equator with an area of about 23.85 million ha (Agyarko, 2001). 
The country is enriched with diverse tropical forest reserves. Ecologically, the forests are 
classified under closed, transitional and savanna zones. The transitional zone lies between the 
closed or high forest zone in the south and the savanna zone in the northern part of Ghana. The 
evergreen rainforest (wet evergreen), moist evergreen forest and moist semi-deciduous forest 
are the various types under the closed forest zone (Agyarko, 2001). The dry semi-deciduous 
forest falls under the transitional zone while the savanna is categorized into Guinea and Sudan 
savanna. Table 4 summarizes the major forest ecological zones in Ghana. 
 
Table 4: Major ecological zones or forest types in Ghana with area, annual precipitation 
and mean annual temperature adapted from Wagner et al. (2008). 
Classification Forest types/ 
Ecological zones 
Area 
(km2) 
Percentage 
(%) of total 
forest area 
in Ghana  
Annual 
rainfall (mm) 
Mean annual 
temperature 3 
(ºC) 
Closed or High Wet evergreen 7,921 3.3 1750-2000 26.4 
Moist evergreen 19,628 8.2 1500-1800 26.4 
Upland Evergreen 1 292 0.12 1700 2 26.4 
Moist semi-deciduous 33,640 14.1 1200-1800 26.4 
Transitional Dry semi-deciduous 21,461 9.0 1250-1500 27.0 
Savanna 
woodland 
Guinea savanna 132,091 55.3 900-1500 27.5 
Sudan savanna 1,947 0.8 900-900 28.6 
1(Menczer and Quaye, 2006), 2(MES, 2002) and 3Data from Minia, 2008 cited in Stanturf et al. 
(2011). 
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Table 5 Key floristic of the ecological zones in Ghana summarized from Wagner et al. 
(2008). 
Classification Forest types/ 
Ecological zones 
Floristic characteristics 
Closed or High Wet evergreen This forest type is floristically the most diverse, 
but has fewer commercial timber species. 
Moist evergreen The moist evergreen (ME) is like the wet 
evergreen in floristic diversity, but the ME 
contains a few more deciduous species and 
more economic species. An example of the 
commercial species is Triplochiton scleroxylon. 
Upland evergreen 1 Floristically, the upland evergreen is similar to 
the ME, but has numerous rare species. Some 
of the species are Hymenocoleus multinervis 
(herb) and Cyathea manniana (palm-like tree 
fern). 
Moist semi-deciduous The moist semi-deciduous is the main timber 
producing area. It is characterized by tall trees 
and multiple storied canopies. Examples of the 
timber species include Triplochiton scleroxylon, 
Celtis mildbraedii, Terminalia ivorensis, 
Pericopsis elata and Khaya ivorensis.  
Transitional Dry semi-deciduous The forest type makes up the transition zone 
between the higher rainfall forest types and the 
Guinea savanna. The significant commercial 
tree species include Chlorophora spp., Antiaris 
africana and Triplochiton scleroxylon.  
Savanna woodland Guinea savanna This type is made up of tall grasses growing 
between widely spaced trees. Most of the tree 
species that occur here are deciduous. It has 
no commercial tree species, however, Tectona 
grandis (Teak) plantations develop well.  
Sudan savanna The Sudan savanna has a very small total 
area. It has two main tree species. These 
species are Acacia albida and Adansonia 
digitata. 
1(Menczer and Quaye, 2006) 
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3.2 Criteria for selecting case study areas 
The different ecological zones were considered for the study to ensure a balanced distribution of 
the various types. The dry semi-deciduous, moist semi-deciduous, evergreen and savanna were 
the four selected case study areas (Table 4 and 5). These ecological zones were considered 
because currently, the moist forests are significantly affected by fire while the dry forests have 
been reduced to small fragments of forest canopy surrounded by large area of seriously burnt 
and degraded forests (FORIG, 2003). With the evergreen forest, one known forest reserve 
(Atewa Range) under the upland evergreen is also threatened by high frequency of fire 
(McCullough et al., 2007). Nsiah-Gyabaah (1996) also indicated the frequent and extensive fires 
in the savanna zone of Ghana. Under each case study area, one forest reserve was chosen for 
the study. Respectively, Afram Headwaters and Bosomkese forest reserves were studied under 
the dry and moist semi-deciduous, whereas Atewa Range and Sissilli North were considered for 
evergreen forest and savanna (Figure 9). The forest reserves are located in the Ashanti, Brong 
Ahafo, Eastern and Upper East Region of Ghana. Regardless of the different ecological zones 
and geographical location of the forest reserves, they have a diverse floristic composition, 
structure and fall under different climatic conditions. They have several significances to the 
people such as livelihood support, protection of river sources while some parts are considered 
sacred or used as a shrine (eg. Bosomkese and Sissilli North forest reserve). In relation to that, 
these forest reserves have been considered in many forestry projects collaborated with both 
international and local institutions. Some of the projects included the Wildfire Management 
Project, Community Forestry Management Project and the National Forest Plantation 
Programme just to mention a few. Each of the selected forest reserves was either associated 
with one of the projects or all projects mentioned. Most of these projects were considered to 
manage fire and restore the degraded sites due to fire and other disturbances in the forests. 
Consequently, these forest reserves have historically and presently been associated with fire 
due to repeated fire events.  
 
Considering all those enumerated factors, there was adequate information available in all 
aspects, particularly for this research that was tapped for analysis. Although threats of fire pose 
several risks to the different forest areas and surrounding communities, important information 
concerning why, where, when, how they are occurring and underlying consequences have not 
been fully understood. Taking up this research in the different forest reserves generated the 
chance to consider the spatial and temporal distribution of fires, the underlying factors, 
understanding the behaviour of fire and carbon stocks using field survey and field experiments. 
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There were several communities surrounding the selected forest reserves under the various 
ecological zones. However, for each case study area, two communities were selected around 
the selected forest reserve for questionnaire interviews. Active involvement in forest fires and 
other forestry issues, proximity to the forest reserves, community members having some 
livelihoods in and around the forest and willingness of the community to partake in the study 
were the baseline for selecting the communities. A total of eight (8) communities, including 
Asempanaye, Asuboi, Ahyiaem, Rubi, Bomaa, Segyimase, Kayoro and Nakong were selected. 
The study focused only on eight communities because of large population size, limited time and 
other constraints. The first four communities were considered in a study by Agyemang (2012) 
while the rest were selected with the help of the district forestry officials after reconnaissance 
survey. Hence, it was assumed that people around the forests are well informed on some issues 
on the topic of investigation for a better contribution. 
 
 
Figure 9: Map of Ghana showing the classified vegetation types and selected forest 
reserves (Mapping Unit, Resource Management Support Center, Kumasi, 2015. Credit: 
Lawrence Akpalu). 
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3.2.1 Case study area 1: Moist semi-deciduous forest 
Forest reserve: Bosomkese  
Location and climatic description  
Bosomkese forest reserve is located in the Brong Ahafo region of Ghana under Bechem forest 
district. It lies between longitude 2º 05’ and 2º 30’ W and latitude 7º 00’ and 7º 15’ N with an 
area of 138 km2. The mean annual rainfall is 1200 mm. The rainfall season starts from April to 
October, followed by the dry season from November to March. May to June and September to 
October are the two peaks of rainfall (Addai and Baidoo, 2013). The forest reserve has a hilly 
part considered as a shrine; sacred to the people. On top of the hill are also rocks stacked 
together in the form of caves that host bats. There are many communities and delineated 
admitted farms within and surrounding this forest reserve posing several threats to the forest.  
 
Vegetation of Bosomkese forest reserve  
The forest reserve used to be a natural forest, but currently reduced to a secondary type due to 
fires, illegal logging and farming. The forest reserve falls under the moist semi-deciduous north-
west subtype (Wagner et al., 2008). In all, the forest reserve is made up of 84 compartments 
with three major classifications based on the nature of their canopies (i.e. open, closed and 
disturbed canopy) (Addai and Baidoo, 2013). The forest has both native and indigenous 
species. Teak (Tectona grandis) is the most common exotic species with some portions of 
Cedrela odorata and native species like Mahogany (Khaya grandifoliola) intercropped with food 
crops such as plantain, maize and cocoyam. The local species identified were Celtis mildbraedii 
(Esa), Entandrophragma angolense (Edinam), Pycnanthus angolensis (Otie), Piptadeniastrum 
africanum (Dahoma) Amphimas pterocarpoides (Yaya) Chrysophyllum albidum (Akasaa) and 
Daniellia ogea (Hyedua). The forest reserve is protected by a fire break of Senna siamea along 
its boundaries due to fire.  
 
Characteristics of soil, topography and socioeconomic activities 
The base of the Bosomkese forest reserve lies on granite. However, most parts of the district 
lies on lower birimian rocks which contain weathered phyllites and schist accounting for red and 
white clay in some areas. The soils in the area are fertile and consist of forest orchrosols. 
Hence, perfect for growing food and cash crops as well as trees (MOFA, 2013a). The forest 
reserve can generally be described as an undulating land with a hill located within considered 
sacred. According to (MOFA, 2013a; 2013b), more than 60% of the people are into Agriculture. 
36 
This is the main activity carried out by the fringing communities in the area to earn money for 
basic needs. 
 
3.2.2 Case study area 2: Dry semi-deciduous forest 
Forest reserve: Afram Headwaters  
Location and climatic description 
Afram Headwaters forest reserve falls under Offinso forest district in the Ashanti region of 
Ghana. The forest reserve has an area of 20,100 ha and located within longitude 1º 32’ and 1º 
48’ W and latitude 6º 45’ and 7º 25’ N. The Afram Headwaters forest reserve is made up of both 
natural and plantation forests due to several disturbances. There is a high dependency on the 
forest reserve for subsistence by fringing communities (Baatuuwie and Leeuwen, 2011; 
Baatuuwie et al., 2011). Bimodal rainfall seasons pertain to this forest type. The forest type has 
an annual precipitation ranging between 1250 mm and 1500 mm and occurs highly from May to 
June and September to October (Bosu et al., 2013). During the major rainy season, the relative 
humidity can reach up to 90% between May and June. The mean monthly temperature in the 
area is 27 ºC with the maximum temperature of 30 ºC between March and April (Baatuuwie et 
al., 2011). Communities surrounding the forest reserve include Asempanaye, Asuboi, Anyinasu, 
Asuoso, Kwapanin, Kyekyewere, Oda Nkwanta and Nkwankwaa.  
 
Vegetation of Afram Headwaters forest reserve 
Due to its general characteristics and ecological conditions, the forest reserve falls under the dry 
semi-deciduous fire zone (Wagner et al., 2008). Currently, there are threats of repeated fires 
together with other human disturbances which have degraded the forest reserve. These 
disturbances have resulted in the high dominance of non-native invasive perennial species of 
Broussonetia papyrifera, Pennisetum purpureum and Chromolaena odorata in this forest 
reserve. Some of the current economic species found included Cola gigantea (Watapuo), Ceiba 
pentandra (Onyina), Mansonia altissima (Oprono) and Sterculia rhinopetala (Wawabima). There 
are also dominant plants of Pterygota macrocarpa (Kyereye), Albizia zygia (Okoro) and 
Borassus aethiopum (Omankube) scattered within the forest landscape (Bosu et al., 2013). In 
addition, the established plantation in the forest reserve comprises of monoculture of exotic 
species such as Cedrela odorata and Tectona grandis plus mixed stand of indigenous species 
(Baatuuwie and Leeuwen, 2011). There is a diverse floristic nature of the forest regarding of 
both native and exotic species.  
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Characteristics of soil, topography and socioeconomic activities 
The area is described by soil formed from different parent materials of varied rock types. 
Granite, voltain rocks and lower birimian rocks are the different parent materials of the soil. The 
Kumasi-Offinso series of soils are formed from granite which is characterized to be well drained, 
porous, reddish in colour and supports food crops and trees. The topography of the area can be 
described as undulating and the altitude varies between 183 m to 305 m above sea level 
(Ghana Districts, 2006). According to the district analytical report (GSS, 2014), the main 
economic activity in the forest district is agriculture. The majority of the households (97%) in the 
district are engaged in crop farming. They are mostly involved in crop and animal production 
and minor scale of fish farming. 
 
3.2.3 Case study area 3: Evergreen forest 
Forest reserve: Atewa Range  
Location and climatic description  
In 1925, the forest reserve was set up in the bylaws of the native authority of Akyem Abuakwa 
State and approved in 1926. Later in 1933, Atewa Range forest reserve was gazetted. It was 
reconstituted as a forest reserve under the Forest Ordinance in 1935 and later in 1999, was 
selected as Globally Significant Biodiversity Area (GSBA) (Growing Forest Partnership, 2012; 
McCullough et al., 2007). The forest reserve is located in the Eastern region of Ghana under 
Begoro and Kade forest districts and composed of a range of hills lined up around north-south 
with steep-sided slopes and flat summits (McCullough et al., 2007). It is located within latitude 
4°30' N and 11°00' N and extends over the Greenwich Meridian from latitude 1°10' E to 3°15' W. 
The forest reserve has an area of 23,663 ha and sustains the headwaters of Ayensu, Birim, 
Densu, Kuia, Sumatua and Suhen rivers in the area (Lamptey et al., 2013; McCullough et al., 
2007). The average monthly temperature ranges from 24 ºC to 29 ºC with mean annual 
precipitation of 1200 mm and 1600 mm (McCullough et al., 2007).  
 
Vegetation of Atewa Range forest reserve  
Due to the unique floral richness and diversity, Atewa Range forest reserve is known as an 
upland evergreen forest (Growing Forest Partnership, 2012). There was an abundance of Milicia 
excelsa (Odum), Khaya grandifoliola (Mahogany) Terminalia ivorensis (Emire), and Triplochiton 
scleroxylon (Obeche or Wawa) but presently uncommon as a result of unsustainable 
exploitation and increased number of forest fires. Also, the forest reserve has severely 
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degraded areas due to abandoned plantation stands (McCullough et al., 2007). Hence, both 
natural and plantation forests can be seen. Cedrela odorata was the main species for the 
plantations. Other tree species observed include Antrocaryon micraster (Aprokuma), Alstonia 
boonei (Nyamedua), Funtumia elastica (Fruntum), Margaritaria discoidea (Pepea), Macaranga 
spp. (Opam), Trichilia monadelpha (Tanuro), Baphia nitida (Odwene) and Rauwolfia vomitoria 
(Kakapenpen). A lot of climbers such as Griffonia simplicifolia (Kegya), Gongronema latifolium 
(Nsorogya) and Smilax krausianus (Kokora) were found in the forest reserve.  
 
Characteristics of soil, topography and socioeconomic activities 
Birimian formations and Voltarian metamorphosed sediments form the base of the area which is 
rich in many precious minerals like gold, diamond, bauxite and kaolin (Lamptey et al., 2013; 
McCullough et al., 2007). As a result, the area is subjected to illegal mining locally known as 
“galamsey”. This has left the forest with some illegal mined pits making it dangerous to walk 
through the forest. Agriculture, non-timber forest products (NTFPs) gathering, mining, logging 
and hunting are the main economic activities of communities around the forest reserve. The 
forest reserve is threatened by illegal logging, illegal mining, farming, poaching and bushfires 
(McCullough et al., 2007). The majority of youth in the area find illegal mining very lucrative than 
any other business.  
 
3.2.4 Case study area 4: Savanna  
Forest Reserve: Sissili North forest reserve  
Location and climatic description 
The Sissili North forest reserve is located under Navrongo forest district in the Upper East 
region of Ghana. It was established in 1941 and named after River Sissili. The forest reserve 
has a perimeter of 27.7 km with an area of 8288 ha and lies within latitude 10° 45' N and 11°01' 
N and longitude 1° 24' W and 1° 31’ W. The forest reserve is bordered by Ghana-Burkina Faso 
International border to the north, with Chiana Hills forest reserve along the midway to the east 
and to the south is Sissili Central forest reserve. This forest reserve has no admitted farms. 
However, about 0.5 ha within the reserve is the Kukula Shrine around forest boundary pillar one 
along River Sissili for the chief and people of Kayoro (World Bank, 2001). The district is 
characterized by wet and dry season, which are influenced by North-East Trade Winds and the 
South-Westerlies. The North-East Trade Winds (Harmattan) are usually dry and dusty because 
it comes from the Sahara Desert. There is practically no rainfall during this period due to low 
relative humidity which falls behind 20% with a low vapour pressure less than 10 mb. The peak 
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daily temperatures are 42 ºC particularly in February and March. May and October are the 
period the district experiences tropical maritime air mass with 950 mm average annual 
precipitation (MOFA, 2015). 
 
Vegetation of Sissili North forest reserve  
The vegetation type in the district, under which the forest reserve falls, is mainly Sahel and 
Sudan-Savanna type, consisting of open savanna with fire-swept grassland and deciduous 
trees. Parkia biglobosa (dawadawa), Adansonia digitata (baobab), Butyrospermum parkii or 
Vitellaria paradoxa (shea) and Mangifera indica (mango) are the common trees in the district. 
During the dry periods, most of these trees in the forest area shed their leaves (MOFA, 2015). 
Other local species identified in the forest reserve include Strychnos spinosa (Kampoa), 
Detarium microcarpum (Kanankolo), Terminalia avicennioides (Kogo) and Acacia dudgeoni 
(Sabarisinga).  
 
 
Characteristics of soil, topography and socioeconomic activities 
The types of soil in the district are the savanna ochrosols and groundwater literite. The savanna 
ochrosols covers the northern and eastern part while the rest of the area comprises of 
groundwater literite.  The savanna ochrosols are described as porous, loamy, well drained and 
moderately acidic with patches of black clay while the groundwater literite become waterlogged 
during the rainy season and form hard pan during the dry season. Generally, the soils in the 
district are suitable for cultivation, especially the savanna ochrosol areas. The landscape of the 
area is undulating. Over 60% of the local population is engaged in agriculture (MOFA, 2015).  
 
3.3 Research design and data sources 
The type of design was a case study and field experiment. This focused on using different 
methodologies such as reconnaissance survey, interviews (face to face) using questionnaires, 
review and analysis of secondary data, fire records, satellite fire data from the archives (first 
approach) and field experiment (second approach). These methods were used to acquire both 
quantitative and qualitative data to meet the objectives of the study. The methods under the first 
approach were used to obtain data for objective 1 and 2. The second approach which is the field 
experiment was used to meet objective 3 and 4. Data acquired were analyzed together and 
compared among the different ecological zones. The study engaged stakeholders like Resource 
40 
Management Support Center (RMSC) for basic fire information and maps of the study areas. 
The Forest Services Division (FSD) provided fire data and monthly reports on the different forest 
reserves which were compiled for analysis. The Ghana National Fire Service (GNFS) also 
provided information and fire data on the different forest reserves. FIRMS (Fire Information for 
Resource Management System) was used to assess the hotspot fire data from MODIS 
(Moderate Resolution Imaging Spectroradiometer) sensor. The Ghana Statistical Service 
provided the demographic data for the various selected communities. Weather information was 
obtained from the Ghana Meteorological Agency (GMA) on the districts under which the forest 
reserves occur while weather data loggers (Tinytag Plus) were also mounted in the selected 
forest reserves. This was used to evaluate and provide a better understanding of fire during 
certain time of the year. Questionnaires were administered to members of communities that 
were selected to acquire necessary information for the study.  
 
3.3.1 Secondary data  
Secondary data were assembled from already existing researches, literature, reports, 
documents and satellite data on forest fires in the various forest districts under study. These 
included both published and unpublished data available. The wildfire policy, management 
procedures, monthly or annual fire reports, other satellite fire data and statistics, demographic 
data, weather data as well as reserve maps were some specific secondary data that were 
considered. This information was obtained from institutions or stakeholders mentioned under 
data sources. Another information source for the research was the University library and 
websites where journals, articles and books pertinent to the topic were gathered and reviewed. 
The acquisition of relevant data and reports on the forest reserves was useful for gaining a 
better insight on the trend on forest fire from the past to the present and conditions under which 
fire can occur. Such data were also used as baseline information necessary for understanding 
and making better analysis. 
 
3.3.2 MODIS active fire data 
FIRMS delivers the world’s fire hotspots and locations of fire. These active fire data are 
distributed in 3 hours of the satellite overpass from MODIS and VIIRS (https://earthdata.nasa- 
.gov/firms). The MODIS active fire product was used to determine the spatial and temporal 
distribution of fire over a period within the forest reserves. The study considered data on forest 
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fire for the years 2001 to 2015. Data were downloaded from the Archive Download Tool after 
free of charge registration using the link: https://earthdata.nasa.gov/data/near-real-time-
data/firms/active-fire-data. In the Archive Download Tool, an area of interest was selected, 
which can be a whole country, continent or a particular protected area. However, for this 
research, one forest reserve under different ecological zones was considered for easy 
interpretation. The processed data came in a compressed format through an email including a 
summary of the request such as the area of interest, date range, data format and request date. 
The data format was a SHP (Shapefile). This is a file format for storing geographic information 
on GIS computer programs which can be points, lines and area features (Feltman et al., 2012). 
The QGIS which is Quantum Geographical Information System software was used for viewing 
and interpreting the data. The QGIS 2.8.9 was freely downloaded from http://www.qgis.org. The 
downloaded email fire hotspot data from FIRMS and maps obtained from the mapping unit 
(RMSC) were imported to QGIS for executing the spatial analysis of fire distribution in the 
different forest reserves. In addition, data from the attribute table of QGIS were then transferred 
to Excel and SPSS software for the temporal analysis of fire together with the weather elements 
(annual rainfall and temperature). The downloaded attribute table data provided details such as 
fire points, latitude and longitude coordinates, brightness, scan, track, acquired date and time of 
fire, the satellite that detected the fire, confidence value, version and the fire radioactive power. 
These satellite data were analyzed with the recorded area burned in the different forest reserves 
to realize the actual trend of forest fire in Ghana.  
 
3.3.3 Forest area burned 
To assess the area burned, the research focused on data from monthly reports specifically 
those collated on the selected forest reserves. There was also a general wildfire form format for 
recording fire incidences including area burned in the various forest districts. The forms and 
reports were filled up and submitted by range supervisors in charge of the forest reserves. In the 
monthly reports, fire and burned area were recorded under forest offences while the fire forms 
were filled in addition or used supposing fire occurs before the due time for submitting monthly 
reports. Data were acquired from 2001 to 2015 for Afram Headwaters, Bosomkese and Sissili 
North forest reserves. However, no data were available for Atewa as such offences were not 
mentioned in the monthly reports or recorded on wildfire report form. The form for recording fire 
incidences in the forest district provided by the forestry commission presented the following 
headings: 
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1. Fire number 
2. Year of fire, start date of fire, discovery time, time reported, time contained and date out 
3. Region, district, forest reserve/park/conservation area 
4. Area affected (ha) and list of compartments 
5. Forest type: natural forest, plantation forest, wildlife protected area 
6. Management category: production, convalescence, protection, conversion 
7. Description of location in the forest 
8. Topography of the area 
9. Aspect 
10. Fire cause 
11. Means of travel to fire 
12. Estimated size of fire at initial attack (ha) 
13. Resources used 
14. Type of fuel 
15. Properties destroyed  
16. Estimated cost of damage (GH₵) 
17. Suppression cost (GH₵) 
18. General comments 
The area burned was recorded with their respective dates conforming to the monthly trend of 
fire data from MODIS. The number of area burned was documented in hectares on both report 
and forms. All recorded area burned within a particular year were summed up. Apart from the 
area burned, other data of relevance to the research were collected from the forms. 
 
3.3.4 Primary data  
3.3.5 Reconnaissance survey 
In the different cases, reconnaissance survey was carried out to have a better understanding of 
the situation, selection of communities and prepare for data collection. Foremost, key informants 
from the relevant institutions within the forest districts of the selected forest reserves were 
consulted and information needed for the research were communicated. This was necessary to 
make sure that there are adequate data and easy acquisition of archive files for the research 
before actual data collection. A visit to the reserves enabled the researcher to determine and 
familiarize with the different fuel types among the different forest reserves. The researcher 
observed activities that were carried out within the forest reserves and surrounding conditions 
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while making inquiries from people entering and going out of the forest reserves. During this 
survey, other relevant information and characteristics of the study cases and suitable 
communities were acquired. Based on the information and criteria for community selection, 
discussions were held with the forest managers to select two communities each around each 
case. The communities that were decided on were asked for participation to ensure that the 
people were ready to contribute volitionally during questionnaire survey through face to face 
interviews. Provision of assistance during data collection in the field was also discussed with the 
forest managers. Apart from familiarizing with the area and deciding on the communities, the 
visit helped the researcher to start a good relationship with the district managers of the relevant 
institutions, community leaders and members which enhanced their contribution during data 
collection. 
 
3.3.6 Sampling procedure of respondents 
The equation given by Israel (2009) was used to determine the sampling size of the 
respondents. The respondents included Forest Services Division (2 people in each forest 
district), the Ghana National Fire Service (1 person in each forest district) and community 
members. To estimate the sample size of the respondents, the total population of adults (18 
years and above) was used instead of the total population size of the various communities with 
a precision level of 0.15 using equation 4.  
 
n = 
2)e(N1
N

           (4) 
n = Sample size, N = Population size and e = Level of precision 
 
The focus was on respondents who had livelihoods within and around the forest reserve such 
as farmers, hunters, fire volunteers and community leaders. The survey was carried out in eight 
forest fringe communities with Asempanaye and Asuboi located around Afram Headwaters 
forest reserve. Ahyiaem and Rubi are fringe communities of the Bosomkese forest reserve. 
Around the Atewa forest reserve are Bomaa and Segyimase communities while the rest, Kayoro 
and Nakong are situated on the outer boundary of the Sissili North forest reserve. The 
representatives of the departments were included in the sample size of the communities. The 
total population of adults and the sample size for each of the communities are presented in 
Table 6. 
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Table 6: Outline of communities surveyed and sampled sizes for the study. 
Communities Population  Adult 
population 
Sample 
size 
Percentages of 
respondents 
interviewed   
Percentages of 
origin  
Males Females Natives Migrants 
Asempanaye 878 676 42 7.5 6.3 7.6 6.3 
Asuboi 1104 795 42 9.2 4.6 8.5 5.3 
Ahyiaem 845 600 41 7.9 5.6 8.6 4.9 
Rubi 527 364 40 8.9 4.3 7.2 5.9 
Bomaa 957 643 42 6.6 7.2 9.9 3.9 
Segyimase 2475 1634 43 10.2 4.0 12.5 1.6 
Kayoro 297 204 36 7.2 4.6 10.9 1.0 
Nakong 45 32 18 4.3 1.6 5.9 - 
Total 7128 4948 304 61.8 38.2 71.1 28.9 
Source of population: Ghana Statistical Service office, Kumasi. 
 
In all, a total of 304 respondents was sampled for the eight forest communities. In each 
community, about 18-43 respondents were selected randomly for questionnaire interviews 
(Table 6). The direct respondents were identified with the help of the taungya head or 
accompanied forest guards. Out of the total respondents interviewed, males constituted 61.8% 
and 38.2% females. About 71.1% of them were found to be indigenous while 28.9% were 
migrants in the communities. Most of the respondents interviewed were between the ages of 41-
50 years (Figure 10).  
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Figure 10: Age distribution of respondents interviewed in the communities around the 
different forest reserves in the different ecological zones. 
 
3.3.7 Questionnaire survey 
A semi-structured questionnaire was used for the study to obtain information on the underlying 
factors and trend of fires in the forest reserves. The questions were both close and open-ended 
where respondents were provided with some answers and at the same time had the chance to 
explain some necessary issues. The questions were grouped under four main headings of basic 
information, driving factors, direct and underlying causes and impacts of forest fires. Based on 
these, both quantitative and qualitative data were acquired for objective 1 and 2. Field 
assistants were considered to help in the administering of questionnaires to save time. Some 
form of training and explanations were rendered to them before going to the field. This helped 
them to understand the questions and as well, facilitated how to put the question to respondents 
to obtain needed responses. The questionnaires were pre-tested in one community and 
responses were assessed. Some of the questions were modified because responses were not 
concrete while other questions were added to attain the study objectives. Questionnaires were 
distributed to key informants and community members. The questionnaire interviews were 
conducted in Twi, one of the local languages in Ghana that most local people feel comfortable 
to express themselves. Also, most of the people in the communities do not speak or understand 
English, although questionnaires were developed in English. In Kayoro and Nakong 
communities, a translator was used because the researcher does not speak the native language 
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of the people called Kasem. The translator asked the questions in their local language and 
reported the answers in Twi or English. Questionnaires for community members were 
administered in the community and researcher and field assistants filled responses. On the 
other hand, the district managers of the relevant institutions were given the questionnaire to fill 
in their own convenient time. In this case, respondents can complete the questionnaire in 
private, devote as much time as they like to complete and avoid the pressure to participate 
induced by the presence of the researcher (Cohen et al., 2007). To ensure that the district 
managers understood the questions and answered accordingly without researcher’s presence, 
the researcher probed further on some of the major questions before leaving their offices.  
 
The study used semi-structured interviews that were conducted one on one with individual 
respondent in their homes, farms and offices to obtain reliable responses using questionnaires 
(Figure 11). The key informants included forest managers, range supervisors, forest guards, 
district fire officers, community leaders, taungya headmen, chiefs and fire volunteer leaders. 
Englander (2012) mentioned that face to face interview requires more time and hence richer 
concerning nuances and depth of information. In relation to this, more facts on the driving 
factors, causes, effects and trend of forest fires were obtained individually from the people that 
reflected the real situation and gave researcher more ideas for discussion. The interviews in the 
communities were held in the evenings when people had returned home from their farms. Some 
interviews were organized from morning till evening on taboo days where people do not go to 
the forest or their farms but stay at home. In cases of limited time and large sample size, 
arrangements were made to meet on another day and time to continue with the interviews.  
 
                     
Figure 11: Questionnaire interview with some respondents. 
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3.3.8 Triangulation of responses 
In some cases, respondents may feel reluctant to give accurate information on fire thinking they 
are not managing the menace well or by providing a true picture of the situation will influence 
their livelihoods and access to the forest, particularly on the underlying factors of forest fires. 
Based on this, apart from the face to face interviews that were carried out, information from key 
informants and experts were verified with community responses, monthly reports, field 
observation and experiment. The triangulation of the findings justifies the different research 
methods used for the study. The acquisition of data on fire trend from FSD reports and records 
on the forest reserves was compared with data from GNFS to avoid repetition and ensure 
consistency and reliability of the data. Field data or primary data were linked with existing 
literature in order not to deviate from reality.  
 
3.4 Field experiment on fuel load for prediction of fire behaviour and effect 
Materials for field experiment 
Field map: to discover the location of plots 
Tape: used to lay plots and sampling plane in the field 
Diameter tape: for measuring tree diameter 
Plastic ruler: for measurements in the field 
Caliper: measuring fuel intercepting the sampling plane 
Inventory sheets and pen: for recording fuel data 
Compass: for demarcating plots 
Clinometer: for slope measurement 
Bags: for keeping samples of fuels for analysis 
Camera: for taking pictures in the field plots 
Field assistance: helped in laying plots and fuel sampling 
Weighing scale: for measuring the weight of samples 
Weather data loggers (Tinytag Plus): for monitoring temperature and relative humidity in the 
field 
 
In organizing a detailed analysis of fuel load for modelling fire behaviour and fire effect, plots 
were laid in the different forest reserves. Data were collected on surface fuels of both dead and 
living fuels above the ground. These included downed woody fuel, litter and duff, herbaceous 
plants, shrubs and trees in the different selected forest reserves. The sampling of fuel and data 
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collection was carried out from September to November for analysis. The different methods for 
inventorying surface fuels (Brown et al., 1982) and fuel load (Lutes and Keane, 2006) were 
followed. These different methods were employed because of the variety of fuels in the forest. 
The forest fuels that were measured are defined with their various techniques used to acquire 
data (Table 7).  
Table 7: Category of fuel sampled and techniques used to obtain data adapted from 
Brown et al. (1982). 
Fuel category Fuel sampled Techniques used 
Downed woody 
material 
Materials such as twigs, branches, 
stems and bole of trees in and above 
litter on the ground 
Planar intersect 
Litter and duff These include fallen leaves, fruits, 
bark flakes, dead matted grass and 
humus layers of the forest floor 
Gathering and weighing, 
depth measurement 
Herbaceous plants Woody plants that are small as well 
as dead and live grasses. Examples 
may include Chromolaena odorata 
and Panicum maximum as in the 
case of Ghana 
Clipping and weighing 
Shrubs Woody plants that will not be 
considered as herbaceous or trees 
Stem counts 
Standing trees Trees less than 3 m in height and 
above 
Tree counts, height and 
diameter measurement 
   
The forest maps were grouped into compartments and classified under closed forest, open 
forest, scattered tree area, shrubs and farm area and degraded areas. The closed forest 
comprises of numerous trees forming a canopy closure. The open forest is made up of 
individual tree canopies where sufficient sunlight reaches the ground. The scattered tree area 
consist of widely spaced trees within the forest (low stocking level) while the shrubs and farm 
area are dominated by bushes and arable crops. The degraded area involves bare ground 
areas and weed dominated areas. Based on this, two square sample plots (one in a burned 
area and another in unburned area) of 30 m by 30 m (900 m2 per plot) with an addition of 5 m 
buffer around the plots were laid in each forest reserve making a total of 8 plots. The plots were 
temporarily laid in areas free from disturbances to have a continuous data during the research 
period. Within the sample plot, a sample point was marked at 15 m from one plot corner where 
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a line transect of 30 m was constructed. On the 30 m line transect, five different perpendicular 
lines were marked at every 5 m resulting in 5 sampling planes covering the whole plot (N = 10 
sampling planes/forest reserve) (Figure 12). These sample planes of maximum height 2 m were 
used for recording the various fuel data as well as slope. Taking a sampling plane, downed 
woody materials intersecting were counted and tallied according to the fuel diameter classes of 
1-hour (0 to 0.25 in or 0 to 0.6 cm), 10-hour (0.25 to 1.0 in or 0.6 to 2.5 cm), 100-hour (1.0 to 3.0 
in or 2.5 to 8 cm), 1000-hour (3.0 in and bigger or 8.0 cm and bigger) based on the planar 
intersect method (Brown, 1974; Brown et al., 1982; Lutes and Keane, 2006). The planar 
intersect method is an improved version of the line intersect method (Barnes, personal 
communication). The planar method has the same theoretical basis as the line intersect. It is 
seen as a nondestructive method and avoids the time consuming and costly effort of collecting 
and weighing large quantities of downed woody debris (Brown, 1974; Brown et al., 1982). In 
sampling the various fuel sizes, the 1-hour fuels were sampled from 5 m to 10 m, the 10-hour 
fuels were counted from 5 m to 15 m, the 100-hour fuels were counted from 5 m to 20 m and 
the 1000-hour fuels were sampled between 5 m to 30 m mark on each sampling plane in the 
plot. Aside from the counting, the size classes of the fuel were measured in the field while decay 
class of the 1000-hour fuels (rotten) were also recorded. In cases where a 1000-hour fuel was 
crossing more sampling planes, it was counted and measured once. The total of 1-hour, 10-
hour, 100-hour and 1000-hour fuels counted was converted into weights using equations 
published by Brown (1974) (equation 4 and 5).  
 
After the planar method, tree inventory was carried out within the same plots for biomass 
calculation and estimation of carbon stock and losses. The use of forest inventory to estimate 
carbon stocks has lower uncertainty (Gibbs et al., 2007). All trees, within the sampled plots (30 
m by 30 m) ≥ 5 cm diameter at breast height (dbh) were measured including their heights. The 
sampled plots were not subdivided to get the distribution of the different size classes due to the 
size and the structure of the forest in the savanna area resulting in measuring all trees in each 
plot. The trees diameter were measured using diameter tape at breast height (dbh) while trees 
were identified and the condition of each tree (healthy, unhealthy, broken top, sick and dead) 
recorded. The diameter of the trees was categorized under different classes of < 10, 10-29, 30-
50 and > 50 cm. These field inventory data were applied to allometric equations to estimate the 
forest biomass, carbon stocks and losses. Vashum and Jayakumar (2012) mentioned that the 
applications of allometric equations are commonly used for estimating forest biomass and 
carbon stock. For each tree, the aboveground biomass was calculated using the different 
50 
generalized biomass equations for tropical forests suggested by Brown (1997), Pearson et al. 
(2005), Thiele et al. (2010) presented in equation 8, 9, 10 and 11. The change in carbon stock 
due to fire was estimated using the “gain – loss” method equation from Ravindranath and 
Ostwald (2008) in equation 16. Although generalized allometric biomass equations can cause 
some discrepancies, there are no formulated allometric equations for the different ecological 
zones in Ghana. Therefore, since the development of allometric equations for the different 
ecological zones was not part of this study, those generalized equations for tropical forest were 
considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Plot layout in the forest reserves. 
For further analysis of the herbaceous, litter and duff fuels, a sample frame of dimension 1 m by 
1 m was used to define each sample that was collected within the plot. The herbaceous were 
counted, clipped and collected together with the litter and duff using the hand until soil appears 
while the depth was also measured. However, one herbaceous, litter and duff sample was 
collected in each plot to determine the bulk densities and loadings in the different areas. The 
5 m 
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  5 m 
 
30 m 
30 m 30 m 
30 m 
30 m 
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30 X 30 m 
 
Buffer area 
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bulk densities and litter loadings were estimated from equations 6-7 in Ewell (2006) and Ottmar 
and Andreu (2007). Samples of fuel that were collected from the sample frame together with 
different fuel classes were weighed in the field and kept in plastic bags which were labelled to 
avoid mix-up and further taken home.  
       
  
Figure 13: (a) Laying of experimental plots, (b and c) counting of downed woody debris, 
(d) sorting fuel collected from the field, (e) weighing of fuel sample. 
 
At home, the total individual collected fuel samples from each forest reserve were sorted based 
on the fuel diameter classes, herbaceous, litter and duff. Each fuel sample category was 
weighed, then placed in the sun for three days and weighed again after drying to determine their 
fuel moisture content (Equation 3). The fuel moisture content is one of the crucial variables in 
ignition and behaviour of fire modelling (Chuvieco et al., 2004). The use of the sun in drying 
samples was an alternative suggested by Thiele et al. (2010) in a case of an inaccessible 
laboratory oven. During the experiment, laboratory oven was available, but there was a regular 
shortage of electricity to power it. The various subsamples that were measured for the fuel 
moisture content were also used to estimate the aboveground non-tree biomass using 
equations proposed by Pearson et al. (2005) and Thiele et al. (2010) indicated as equation 12, 
13 and 14. 
a b c 
d e 
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Equations for converting fuel counts to weight or fuel load 
0- to 3- inch material: = 11.64 x n x d2 x s x a x c       (4) 
Nl     
3+ - inch material: = 11.64 x Ʃd2 x s x a x c       (5) 
Nl 
n = Number of particles counted per each size class on a sample plane 
d = Average diameters for the 0 to 3 inch and actual diameter for 3+ inch size classes 
s = Specific gravity of the materials 
a = Correction factor for non-horizontal angle of the particles  
c = Slope correction factor given as 
2
slope/100) e(percentag + 1  
Nl = Length of the sampling plane for each size class 
Litter and duff and herbaceous loading = oven dry mass of sample/sample area (6) 
Litter and duff bulk densities = oven dry mass/sample area/average depth  (7) 
Aboveground tree biomass equations:    
Wet tropical forest (> 4000 mm rainfall): 
Biomass (kg) = 21.297 − 6.953 x dbh + 0.740 x dbh2     (8) 
Moist tropical forest (1500 - 4000 mm rainfall): 
Biomass (kg) = exp (−2.289 + 2.649 x lndbh − 0.021 x lndbh2)    (9) 
Dry tropical forest (900 - 1500 mm rainfall):     
Biomass (kg) = 0.2035 x dbh2.3196        (10) 
Very dry tropical forest (< 900 mm rainfall): 
Biomass (kg) = 10 (-0.535+log10BA)        (11) 
Biomass = aboveground tree biomass (kg)  
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dbh = diameter at breast height measured at 1.3 m  
BA = basal area. 
 
Aboveground non tree biomass equations: 
(kg) sample  w holeof  w eightfresh X 
(kg)  w eightfresh Subsample
(kg) dry w eight Subsample
  (kg) Biomass    (12) 
 
Biomass (kg/ha) = Dry mass of samples x Expansion factor    (13) 
Expansion factor =
frame sample or )(m plot of Area
m 10,000
2
2
      (14) 
 
 
Following Fritschle (2013), the dbh was used to find the aboveground biomass (kg) from the 
above equations and this aboveground biomass (kg) were converted to tonnes (t). The plot area 
was further converted to hectares to estimate the aboveground biomass density (t/ha) per tree 
per hectare. The belowground root biomass of the trees were then determined from the 
estimated aboveground biomass using another equation recommended by Thiele et al. (2010) 
shown in equation 15. 
 
Belowground root biomass of the trees 
BGB (t /ha) = exp (−1.0587 + 0.8836 x ln AGB)      (15) 
BGB = belowground biomass (t/ha) 
AGB = aboveground biomass (t/ha) 
 
Forest carbon estimation 
The estimated aboveground and belowground biomass (t/ha) from the allometric equations 
were converted to carbon stock by multiplying 0.5 or dividing biomass by 2 (Fritschle, 2013; 
Pearson et al., 2005; Thiele et al., 2010).  
 
Aboveground and below ground forest carbon stock    
AGC (t C/ha) = aboveground biomass (t/ha) x 0.5 
BGC (t C/ha) = belowground biomass (t/ha) x 0.5 
AGC = aboveground carbon stock (t C/ha) 
BGC = belowground carbon stock (t C/ha) 
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0.5 = conversion factor 
 
Carbon gain and loss 
∆C = ∆CG - ∆CL          (16) 
∆C = carbon stock change in the pool  
∆CG = carbon gain 
∆CL= carbon loss 
 
3.5 Data Analysis 
3.5.1 Distribution, driving factors, direct and underlying causes and impacts of forest fire 
Information from the first approach of acquiring data involving the use of questionnaires, 
monthly reports, fire data and satellite fire data were analyzed using version 20 of Statistical 
Package for Social Sciences (SPSS), Microsoft Excel as well as QGIS software for both 
quantitative and qualitative data. The data from MODIS (fire hotspot points) and the spatial 
analysis were carried out in QGIS (2.8.9). The MODIS data were downloaded in April 2016. Fire 
hotspots falling outside the boundaries of the classified images (forest maps) were clipped off. 
The temporal analysis was based on the spatial data from the hotspots that were acquired for 
the different ecological zones. The hotspot data for the different protected areas were 
distinguished by date (month/day/year) and time fire was detected. Based on this, further 
analysis was deduced for annual, monthly, weekly and timing of fires. The spatial analysis was 
done to determine the areas susceptible to fire in the different forest reserves, while the 
temporal analysis showed the trend of fire during the period of 2001 to 2015. The temporal 
analysis of the hotspots was examined together with area burned, rainfall and temperature 
throughout 2001 to 2015. The weather data available for the research was from 2001 to 2013 
and 2014 in some areas. For consistency, the average rainfall and temperature for the last year 
(2013 or 2014) was repeated for the subsequent year. This was applied because there were no 
significant differences between the mean annual rainfall and temperature. However, missing 
monthly climatic data for temperature (minimum and maximum) was filled using simple 
arithmetic averaging (Kashani and Dinpashoh, 2012). Regression analysis was done to 
compare the relationship between the number of hotspots, area burned and the weather 
parameters. The one-way analysis of variance (ANOVA) plus Duncan's multiple range test was 
applied to compare the significant differences between the annual hotspot, the annual area 
burned, mean annual rainfall and mean annual temperature for the different forest reserves. 
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Regression analysis and Kruskal-Wallis H test were used to compare the monthly hotspots and 
the monthly weather parameters among the different forest reserves. The Pearson’s Chi-
squared test was applied to test the relationship between the number of hotspots and day of fire 
among the different ecological zones. In addition, the relationship between the number of 
hotspot and time of the day in the different ecological zones was also determined using 
Pearson’s Chi-squared test. Some information from the open questions, monthly reports and 
key informants provided qualitative data that supported the quantitative data and discussion. 
The quantitative data were used for descriptive statistics including mean, frequency and 
percentages. Inferential statistics were generated to test the statistical relationship of the 
quantitative data. The data were presented in tables and different forms of charts which have 
been interpreted and discussed to reflect the actual situation. The Pearson’s Chi-squared test 
was engaged in testing the differences among the influencing variables, direct and underlying 
causes of forest fires. The Kendall’s coefficient of concordance was used to assess the degree 
of agreement in terms of the drivers and impacts of fire among the different ecological zones.  
 
3.5.2 BehavePlus and fuel calculation for fire behaviour prediction 
For the second approach which is the field experiment, data from recording sheets were entered 
into Microsoft Excel for charts and were imported to SPSS for statistical tests. The different 
forest reserves had different species, vegetation structure and composition. The moist forest 
was characterized as tree dominant with herbs while the dry forest was seen as an open stand 
or secondary forest with herbs. The evergreen forest was predominantly made of economic 
trees, herbs and climbers. The savanna had a distinct structure from the rest. The savanna was 
dominated by tall grasses (Andropogon spp.) with trees and shrubs sparsely distributed, 
especially in the burned area (Figure 14). However, the different fuel size classes 1-hour (0 to 
0.25 in, 0 to 0.6 cm), 10-hour (0.25 to 1.0 in, 0.6 to 2.5 cm), 100-hour (1.0 to 3.0 in, 2.5 to 8 cm), 
1000-hour (3.0 in and bigger, 8.0 cm and bigger) were recorded in all the different ecological 
zones. The variables in Brown’s equation (Brown, 1974) were determined to convert counts to 
weights for fuel load estimates (Table 8) with specific gravity estimates from Ghanaian 
hardwood timber species published by Antwi-Boasiako and Atta-Obeng (2009). The results from 
Brown’s equation is in tons/acre which was converted to tons/hectare. During the experiment, 
there were changes in temperature and relative humidity inside the forest reserves. The weather 
parameters (temperature and relative humidity) were measured using Tinytag Plus. The 
weather loggers (Tinytag Plus) that were placed in the forest reserves were calibrated to record 
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every 10 minutes on a daily basis. However, based on the fire analysis, which focused on 
monthly basis led to the deduction of the data obtained from the loggers to monthly averages. 
 
       
 
     
Figure 14: Images of the different forest stand used for the study. From a to d: moist 
forest (Bosomkese forest reserve), dry forest (Afram Headwaters forest reserve), upland 
evergreen forest (Atewa forest reserve) and savanna (Sissili North forest reserve). 
 
 
 
 
 
 
c. 
b. a. 
d. 
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Table 8: Values used to estimate the fuel load in the different ecological zones. 
Fuel size class (in) Consta
nt 
d2 S a c Nl (ft) 
0–0.25 (1-hr) 11.64 0.11 0.67 1 1.00 16.4 
0.25–1 (10-hr) 11.64 0.69 0.63 1 1.00 32.8 
1–3 (100-hr) 11.64 1.77 0.51 1 1.00 49.2 
3+ (1000-hr) Sound 11.64 - 0.50 1 1.00 82.0 
3+ (1000-hr) Rotten 11.64 - 0.50 1 1.00 82.0 
 
Modelling of fire behaviour and effects in the different forest reserves was analyzed using 
BehavePlus 5.0.5 which is known to be a computer software that uses mathematical models to 
depict wildland fire and the fire environment. It is made up of nine modules including surface, 
crown, mortality, ignite, scorch, safety, size, spot and contain (Heinsch and Andrews, 2010). 
The study did not consider all modules, only the surface module using fuel data that was 
measured in the field. The study considers BehavePlus for fire simulation since many of the fire 
models are similar to FARSITE, NEXUS, and FlamMap but individually developed for different 
need (Andrews et al., 2005) and relevant for improved model understanding of fire behaviour 
(Heinsch and Andrews, 2010). Lopes et al. (2002) mentioned that the FARSITE is established 
on the Behave fire prediction model. Another importance is the extra feature of BehavePlus that 
permits users to create and use custom fuel models that can be exported for use in other fire 
behaviour modelling systems (Drury et al., 2012). All these attributes enhance the flexibility of 
the application. In the BehavePlus, parameters that were filled included the description, type of 
fuel model, dead fuel moisture, live fuel moisture, midflame wind speed (upslope) and slope 
steepness. The fuel samples that were used for the analysis were collected from early 
September to the beginning of November. Depending on the calculated fuel moisture for dead 
and live fuels from experimental plots, the results were run from the least to the highest 
obtained values to understand the changes in fire behaviour and conditions that have to exist for 
a fire to start. The results of the fuel moisture were also compared between burned and 
unburned area for a better understanding of fire behaviour in the different ecological zones. In 
most cases, higher obtained values of dead fuel moisture to higher live fuel moisture resulted in 
no fires. The values used for the analysis in BehavePlus are presented in Table 9. From the 
table, the least and highest dead fuel moisture were recognized in the savanna. On the other 
hand, the highest live fuel moisture was recorded in the upland evergreen forest with the least in 
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the moist forest. The average midflame wind speed (upslope) varied from 0.1 to 0.6, while the 
slope steepness was kept constant at 0% in the different ecological zones (Table 9). For the 
moist, dry and evergreen forest, the fuel model 10 (timber litter and undergrowth) was selected 
while fuel model 3 (tall grass) was selected for the savanna. The average wind speed recorded 
in the field during the experiment for the different forest reserves was used as the wind speed 
value. Based on the parameters that were filled in the BehavePlus, the program was able to 
predict the surface rate of spread, fireline intensity, heat per unit area, flame length and reaction 
intensity in a form tables and charts. ANOVA was used to determine the significance of burned 
and unburned area regarding fuel load under the different fuel classes in the different ecological 
zones. The relationships between fuel depth and bulk density of litter and duff, dry mass and 
bulk density of litter and duff were analyzed with Pearson’s correlation. 
 
Table 9: Values used in BehavePlus for prediction of fire behaviour. 
Parameter Unit MSDF DSDF UEF Sav. 
B  U B U B U B U 
Dead fuel 
moisture  
% 21.16 
34.85 
59.93 
42.93 
45.16 
68.13  
76.09 
107.63 
123.81  
15.01
19.87 
20.66 
24.44 
28.09 
44.12 
 
19.87 
23.53 
24.04 
 
13.79 
27.45 
30.50 
17.39 
35.29 
127.63 
Live fuel 
moisture  
% 60.50 120.73 106.67 95.33 266.76 106.06 119.32 135.56 
Midflame 
wind speed 
(upslope) 
mi/h  0.3 0.1 0.4 0.4 0.4 0.6 0.4 0.3 
Slope 
steepness 
% 0 0 0 0 0 0 0 0 
B and U represent burned and unburned area.  
 
 
3.5.3 Forest carbon stock 
The estimation of the forest carbon stocks was compared between burned and unburned area 
in the different ecological zones. First, the structure and diversity of tree species were compared 
between the different ecological zones. Carbon was measured in aboveground tree biomass, 
aboveground non-tree and belowground root biomass in the different ecological zones. Based 
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on the ecological conditions and annual precipitation, the wet equation was used for the upland 
forest and the moist equation for the moist semi-deciduous forest. The dry equation was also 
used for the dry semi-deciduous forest, whereas the very dry equation was used for the 
savanna. The relationship between aboveground carbon stock and dbh was examined with 
regression analysis. The aboveground tree biomass was again compared to the belowground 
root biomass to determine which of the pool contain the greatest carbon stock. The three 
different pools of carbon was summed under unburned and burned area. The estimated carbon 
stocks in the unburned area were conceived as gains while the estimated stocks of carbon in 
the burned area were considered as remained loss (remaining from the losses). The carbon 
stocks in the burned area were subtracted from the unburned area to realize the amount of 
carbon stocks released as a result of fire in the different ecological zones. 
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CHAPTER FOUR 
4.0 RESULTS 
SPATIAL AND TEMPORAL DISTRIBUTION OF FIRE IN DIFFERENT ECOLOGICAL ZONES 
4.1 Spatial distribution of fire in the forest areas 
The spatial distribution of fires in the different ecological zones of Ghana was based on MODIS 
fire hotspot data gathered from 2001 to 2015 for the different forest reserves. Data from MODIS 
were consistent in years for some forest reserves while, for others were not. The fire hotspots 
were laid on classified images of the various forest reserves with the exception of Sissili North 
forest to disclose where the fires are occurring most. With Sissili North forest, hotspots were laid 
on unclassified forest map. The spatial distribution of fire varied between the different forest 
reserves of the different ecological zones over the 15-year period as shown in Figures 15-18. 
From the analysis, there were some missing MODIS data for certain years in some of the forest 
reserves. In Bosomkese forest reserve, MODIS data were missing for 2002, 2013 and 2014. 
However, data for 2002 in Afram Headwaters forest reserve were falling outside the boundaries 
of the forest map while nine different years of MODIS data were absent for Atewa forest 
reserve. It was assumed that no large fires occurred during these years in the forest reserves. 
From the analysis, there is no clear trend of fire in terms of space across the years in the moist, 
evergreen and savanna. Only the dry forest showed an increasing trend of fire in space across 
the years (Figure 16). Comparing the results presented in Figures 15-18, it can be seen that the 
fire hotspots are not uniformly distributed within the forest reserves. Most of the fires are 
spatially distributed along the boundaries of the forest reserves and less within the closed 
vegetation areas. From the various peaks of the annual hotspot in the different forest reserves, 
the fire hotspots were spatially distributed on the western boundary of the moist forest (Figure 
15). In the dry forest, the hotspots were spotted around the southern, western and eastern 
boundary toward the northern boundary (Figure 16). For the rest of the ecological zones, the 
hotspots were compacted along the eastern boundary with no or little fire along the immediate 
western boundary (Figure 17 and 18). The open vegetation and degraded areas were not left 
out with repeated burns. Other fire hotspots were densely distributed around human 
settlements, shrub and farm areas (Figure 15, 16 and 17). The presence of communities 
fringing around the forest reserves can also be seen in Figure 19. Looking at the composition of 
the forest maps, the number of roads and river differed among the different forest reserve. 
Afram Headwaters had the highest number of forest roads for easy accessibility. The closed 
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forest areas in all the forest reserves were found around the rivers. Fire hotspots were also 
densely distributed along the rivers and roads in the forest reserves. Taking into consideration 
the different ecological zones, it was found out that more hotspots were spatially distributed in 
the dry semi-deciduous forest, followed by the savanna, moist semi-deciduous forest and 
upland evergreen forest.  
                                            
 
 
                                      
                                         
Legend: 
                                                       
Figure 15: Spatial distribution of fire in the moist semi-deciduous forest, 2001 to 2015. 
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Legend: 
       Fire hotspot 
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       Scattered tree area  
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Figure 16: Spatial distribution of fire in the dry semi-deciduous forest for years 2001 to 
2015. 
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Legend: 
       Fire hotspot    Farmland/degraded   Open forest           
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Figure 17: Spatial distribution of fire in the upland evergreen forest from 2003 to 2010.  
 
                                   
                                           
     
                               
 
Legend: 
    Fire hotspot                Unclassified image of Sissili North forest reserve 
Figure 18: Spatial distribution of fire in the savanna, 2001 to 2015. 
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Legend 
       Fire hotspot   Rivers   Road  Communities 
 
Figure 19: Spatial distribution of fire in relation to road, rivers and communities around 
Afram Headwaters, Bosomkese and Atewa forest reserves, 2001 to 2015. 
a. 
c. 
b. 
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4.2 Temporal distribution of fire in the forest areas 
4.2.1 Annual distribution of forest fire 
The temporal analysis of the different forest reserves was based on annual MODIS fire 
hotspots, data from fire reports and weather data for the years 2001 to 2015. The total number 
of the detected fire hotspots in the different forest reserves was 745 during the 15-year period. 
The dry forest reserve had the highest hotspot of 435, while the savanna followed with 229. The 
moist forest ranked third with 76 hotspots with the evergreen forest as the least with 5 hotspots 
during the studied period. There were certain years with recognizable fire activity in the different 
ecological zones. During the 15-year period, there was a general decrease in fire hotspots in 
2002 in the moist, dry and evergreen forest. Also in 2005, a decline in fire hotspots was 
observed in the moist, evergreen and savanna. From the different ecological zones with the 
exception of the evergreen forest, the detected number of fire hotspot peaked in 2004 and 2012 
(Figure 20, 21 and 23). The year 2004 was the peak detected fire hotspots for savanna while 
2012 was the peak year for both the moist and dry semi-deciduous forests. In the moist forest, 
the number of hotspots was higher in 2001 which later declined in the following year. A few 
hotspots were continuously detected until 2007, where a slight increase was observed. Then, a 
significant increase was observed in 2012 causing several losses (Figure 20). The dry forest 
showed a similar pattern to the moist forest concerning years with significant fires. Fire hotspots 
peaked in 2001, while a constant trend of increase was found in 2004 till 2007 with a significant 
increase in 2012, after which a decline was detected with an increase again in 2015 (Figure 21). 
Looking at the upland evergreen forest, there is no clear trend in the distribution of fire hotspot 
over the studied period. However, fire hotspots were noted in 2003 and 2004, after which no 
fires were spotted. In 2006 and 2007, a similar trend of hotspots was seen in the forest reserve. 
After that, fire hotspots were seen in 2010 with no fires in the subsequent years (Figure 22). The 
distribution of hotspots in the savanna was very clear with a small number of fires in 2001 which 
was followed by an increase mainly in 2004. A rapid decline in fire hotspots was noticed in 
2005, but a little rise occurred afterward, particularly in 2008. The fire hotspots again increased 
in 2011 and quickly dropped in the following years until 2014 (Figure 23). From the satellite 
data, a decline in the number of hotspots was observed after 2014 in the savanna with an 
increase in the moist and dry forest. The series of data revealed that a significant increase in 
detected fire hotspots is expected every three (3) to four (4) years (Figure 23). The distribution 
of area burned also differed annually within the same forest reserve and among the different 
forest reserve over the 15-year period. The highest area burned was recorded in 2012, 2013 
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and 2003 in the moist, dry and savanna respectively. However, a decline in area burned was 
observed from 2006 to 2011 (Figure 20 and 21). On the contrary, larger areas were affected in 
the dry forest than the moist forest between 2001 and 2005. The savanna showed a constant 
trend of area burned ranging from 10 to 18 ha during the studied period. Despite some of the 
forest reserves did not show a clear distribution of the number of detected fire hotspot and area 
burned, there were years with less number of fire hotspots, but large area burned (Figure 21 
and 23). Then again, the increase in the number of fire hotspot resulted in increased area 
burned. The estimated number of 35 fire hotspots in 2012 affected 1930 ha of the forest reserve 
(Figure 20). There is also a trend of increased area burned in a previous year, followed by a 
reduced in the subsequent year. Generally, a decline in area burned was seen after 2014 in the 
dry forest and savanna.  
 
 
 
Figure 20: Annual distribution of fire with area burned, mean annual rainfall and mean 
annual temperature in the moist semi-deciduous forest from 2001 to 2015. 
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Figure 21: Annual distribution of fire with area burned, mean annual rainfall and mean 
annual temperature in the dry semi-deciduous forest for 2001 to 2015. 
 
 
 
 
Figure 22: Annual distribution of fire with mean annual rainfall and mean annual 
temperature in the upland evergreen, 2001 to 2015.  
Hint: Green bars or area burned (ha) are missing in figure 22 because data were not available, 
refer to page 41 under forest area burned. 
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Figure 23: Annual distribution of fire with mean annual rainfall and mean annual 
temperature in the Savanna, 2001 to 2015. 
 
4.2.2. Distribution of fire, area burned and weather 
To understand the relationship between fire and weather, the study compared the annually 
detected fire hotspots, with annual area burned, mean annual rainfall and mean annual 
temperature in the study areas. Using regression analysis, the number of hotspot was weakly 
positively associated with the mean annual rainfall and temperature. The strongest relationship 
was among the number of hotspot and area burned (R2 = 0.881, F (1, 13) = 96.7, p < 0.0005) in 
the moist forest. This relates to the fact that the highest annual number of hotspots was related 
to the largest annual area burned. Comparing the annual area burned to the mean annual 
rainfall showed a no relation, but weakly positively associated with the mean annual 
temperature in the moist forest (Figure 24). Likewise, in the dry forest, the number of hotspot 
weakly positively associated with mean annual rainfall and the annual area burned and was 
weakly negatively associated with the mean annual temperature. The annual area burned was 
also weakly negatively associated with the mean annual rainfall and temperature (Figure 25). 
The fire hotspot weakly positively associated with the mean annual rainfall and mean annual 
temperature in the upland evergreen forest (Figure 26). From the savanna, the annual number 
of hotspot was weakly positively associated with the mean annual rainfall and was weakly 
negatively associated with the mean annual temperature and annual area burned. The area 
burned was weakly positively associated with mean annual rainfall and mean annual 
69 
temperature (Figure 27). To determine the significant differences between the annual hotspot, 
the annual area burned, mean annual rainfall and mean annual temperature for the different 
forest reserves, the one-way analysis of variance (ANOVA) was used to equate the means 
accompanied by Duncan's multiple range test. There was a significant difference in the annual 
fire hotspot (ANOVA: F (3, 56) = 10.2, p < 0.0005) mean annual rainfall (ANOVA: F (3, 56) = 
525.7, p < 0.0005) and mean annual temperature (ANOVA: F (3, 56) = 20.6, p < 0.0005) among 
the different forest reserves. However, there was no significant difference between the area 
burned for the different forest reserves, despite the fact that the largest area burned (1930 ha) 
occurred in the moist forest (ANOVA: F (2, 42) = 1.02, p = 0.37).    
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Figure 24: Relationship between the annual hotspot, the annual area burned and weather 
parameters in the moist forest for each year from 2001 to 2015. 
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Figure 25: Relationship between the annual hotspot, the annual area burned and weather 
parameters in the dry forest for each year from 2001 to 2015. 
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Figure 26: Relationship between the annual hotspot and weather parameters in the 
evergreen forest for years 2001 to 2015. 
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Figure 27: Relationship between the annual hotspot, the annual area burned and weather 
parameters in the savanna for each year from 2001 to 2015. 
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4.2.3 Monthly distribution of forest fire 
From the total number of hotspots, most of the fires were identified in February (25.9%), 
followed by March (24.6%), December (17%), January (14%), November (11.4%), April (6.3%), 
August (0.4%), October (0.3%) and the least in May (0.1%). The fires were distributed at the 
beginning and end of every year. The monthly distribution of the fire hotspots is either related to 
the rainfall and temperature in the different ecological zones. It can be deduced that a decrease 
in rainfall resulted in an increase fire hotspot and vice versa. Unlike temperature, the fire 
hotspots increased with increase in temperature and vice versa. Among all the study areas, the 
moist forest showed a strong relationship between the hotspot and the weather parameter 
(temperature (p = 0.008)) with most hotspots peaked between December and April with much 
increase in February (Figure 28). Contrarily, in the dry semi-deciduous forest, the hotspots were 
identified from August, December and January to May. Fires were frequent in March in the dry 
forest. It can be observed that fire starts immediately the rain declines and it vanishes when the 
rain increases, while it can also be seen as the ecological zone with the longest seasonality of 
fire (Figure 29). In the upland evergreen forest, the fire hotspot was observed from January to 
March (Figure 30), while in the savanna, fires occurred between October and March, particularly 
in December (Figure 31). In comparing the monthly number of hotspots to the weather 
parameters in the different ecological zones, the monthly hotspot did not statistically significantly 
relate to the mean monthly rainfall (R2 = 0.194, F (1, 10) = 2.4, p = 0.152) but to the mean 
monthly temperature (R2 = 0.522, F (1, 10) = 10.9, p = 0.008) in the moist forest using 
regression. In the dry forest, the monthly hotspot did not relate to the mean monthly rainfall, but 
to the mean monthly temperature (R2 = 0.481, F (1, 10) = 9.3, p = 0.012). Similarly, the monthly 
hotspots were based on the monthly temperature (R2 = 0.385, F (1, 10) = 6.3, p = 0.031) than 
the mean monthly rainfall in the upland forest. In the savanna, the monthly hotspots did not 
statistically significantly associate with the mean monthly rainfall (R2 = 0.232, F (1, 10) = 3.0, p = 
0.113) as well as the mean monthly temperature (R2 = 0.026, F (1, 10) = 0.27, p = 0.618) using 
regression analysis. In order to compare the monthly hotspots and the monthly weather 
parameters among the different forest reserves, the Kruskal-Wallis H test was used. From the 
analysis, the test showed that there was no statistically significant difference in the number of 
monthly hotspots (Χ2 (3) = 4.889, p = 0.180) and mean monthly rainfall (Χ2 (3) = 2.804, p = 
0.432) between the different forest reserves even though the mean rank of hotspots and rainfall 
for the different ecological zones were different. However, there was a significant difference 
between the different ecological zones regarding mean monthly temperature (Χ2 (3) = 16.18, p = 
0.001). 
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Figure 28: Monthly distribution of fire with mean monthly rainfall and mean monthly 
temperature in the moist semi-deciduous forest from 2001 to 2015. 
 
 
 
 
Figure 29: Monthly distribution of fire with mean monthly rainfall and mean monthly 
temperature in the dry semi-deciduous from 2001 to 2015. 
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Figure 30: Monthly distribution of fire with mean monthly rainfall and mean monthly 
temperature in the upland evergreen forest from 2001 to 2015. 
 
 
 
 
Figure 31: Monthly distribution of fire with mean monthly rainfall and mean monthly 
temperature in the savanna from 2001 to 2015. 
77 
4.2.4 Weekly analysis and time of fire during the day 
Deducing the data on a weekly basis showed that fire hotspots were detected every day of the 
week. From the total MODIS fire data, most of the fire hotspots were detected on Sunday 
(19%). Wednesday was ranked second (17%) and Tuesday was third (16%). The number of 
hotspots detected on Friday was the least (10%). The MODIS data showed a range of 1 to 45 
detected hotspots per day in the different forest reserves. The day most fire occur within the 
week were different for the different ecological zones. In the moist semi-deciduous forest, 
hotspots were mostly detected on Tuesday, while Sunday was the maximum peak day of fire 
hotspots in the dry semi-deciduous forest. In the upland evergreen forest, detected fire hotspots 
were spread out from Sunday, Tuesday and Friday. Conversely, in the savanna, the highest 
hotspots were seen on Thursday (Figure 32). In determining whether there was a significant 
difference in the daily number of hotspots among the different ecological zones, the Pearson’s 
Chi-squared test was used. The analysis proved that there was a significant difference in 
hotspots and days of fire among the different forests (Χ2 (18) = 39.4, p = 0.003). 
 
    
 
    
 
Figure 32: Day of fire in the moist (a), dry (b), evergreen (c) and savanna (d) respectively 
for the period of 2001 to 2015. 
a. b. 
d. c. 
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Based on the MODIS active fire data, the times for the detected hotspots were acquired (Figure 
33). The MODIS fire data showed that hotspots were mostly detected during the day from 10 
am to 15 pm (94% of all fires), followed by a few at night from 22 pm to 24 am (5% of all fires). 
The least were in the very early morning between 1 am and 2 am (1% of all fires) over the 
period of 2001 to 2015. From the data, most of the fire hotspots peaked around 13 pm to 14 pm 
in all the different forest reserves under the various ecological zones (Figure 33). Statistically, 
there was a significant difference in hotspots and time of fire during the day between the 
different ecological zones (Pearson’s Chi-square test, Χ2 (21) = 43.5, p = 0.003). 
 
         
 
Figure 33: Time of fire during the day in the different ecological zones for the period of 
2001 to 2015. 
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DRIVERS, DIRECT AND UNDERLYING CAUSES AND IMPACTS OF FOREST FIRES 
4.3 Comparing the demographic and socioeconomic factors of selected communities 
around forest reserves affected by fire 
The study further looked into the demographic characteristics and socioeconomic factors to 
understand their influence on fire in the forest reserves based on the selected surrounding 
communities. The investigation carried out in the field revealed that there had been a change in 
population over the years in the surrounding communities (Table 10).  
 
Table 10: Demographic characteristics and socioeconomic factors compared between 
the ecological zones based on the selected forest fringe communities. 
Demographic 
and 
socioeconomic 
factors 
MSDF DSDF UEF Savanna 
Ahyiaem Rubi Asuboi Asemp-
anaye 
Bomaa Segyi-
mase 
Kayoro Nakong 
Population 
1984 
2000 
2010 
 
98 
510 
845 
 
97 
173 
527 
 
152 
660 
1104 
 
285 
598 
878 
 
851 
826 
957 
 
1352 
1580 
2475 
 
417 
247 
297 
 
31 
29 
45 
Percentage of 
literacy 
57.0 49.0 48.0 43.0 68.7 72.6 43.0 41.0 
Percentage of 
people 
engaged in 
agriculture 
95.0 94.0 98.0 97.0 97.5 88.9 98.4 98.7 
Percentage of 
children 
(below 18) 
29.0 31.0 28.0 23.0 32.8 34.0 31.4 30.0 
Percentage of 
Unemployed  
31.0 27.0 28.0 24.0 29.0 24.0 11.0 13.0 
Percentage of 
migrants 
1.53 0.94 1.08 1.02 1.35 0.68 0.67 0.00 
Source of demographic data: Ghana Statistical Service Office, Kumasi. 
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Out of the 304 respondents interviewed, 98% of the people indicated a change in population 
with 2% observing no changes in population in the communities. About 97% of the total 
respondents noticed an increasing trend while 3% observed a decreasing trend. According to 
the demographic data received from the Ghana Statistical Service Office, the total population in 
some of the selected forest fringe communities has increased since 1984 to 2010; a decrease 
was seen only in a community around the savanna (Table 10). Of the total respondents 
interviewed, 30% have never attended school and only 32% had basic education up to the 
primary level. Some had their high-level education up to Form 4 or JHS (18%) and SHS or 
Technical (18%), while the smallest number (2%) had attended university. All the selected 
communities around the different ecological zones had a higher percentage of illiteracy rates, 
except the upland forest (Table 10). It came out that most people in the communities have never 
attended school and this might have contributed to the forest fires as they might not be fully 
aware of the consequences. More than half of the respondents (87%) noted that they depend 
on agriculture and forestry activities due to limited employment opportunities with the rest (13%) 
having other jobs apart from farming and forestry activities. This also relates to the demographic 
data in Table 10. They explained that their dependency on the forest and their engagement in 
agriculture activities have contributed to forest fires due to the use of fire in most of the 
activities. Based on their engagement, respondents had different levels of income. Less than 
1% of the people rated their income to be higher in the different communities. About 84% of the 
respondents considered themselves to have low income, forcing them to enter the forest for 
subsistence as well as their involvement in agriculture resulting in forest fires. Only 15% 
regarded their income as reasonable based on their agriculture and forestry activities. 
Respondents disclosed the presence of migrants in the communities. In relation to this, it was 
found out that forest fires were caused by both migrants and indigenous people in the 
communities. A similar explanation was given in the moist, dry and evergreen forest 
communities that regardless of migrant or indigenous people, they all use fire for their 
livelihoods in the forest. In most cases, migrants were hired by the indigenous people to carry 
out activities on their farms which get out of hand resulting in forest fires. In the savanna, fires 
were also assigned to both migrants who were said to be Fulani herdsmen and the indigenous 
people through their livelihood activities. The majority of the respondents attributed the cause of 
forest fires to adults (89%). Some were of the opinion that fires were started by both adults and 
children (7%), while a few respondents (3%) recalled children playing with fire on the farm which 
escaped into the forest. The rest of the respondents (1%) refused to assign the cause of forest 
fire to either adults or children in the different ecological zones. The majority of the respondents 
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concluded that children do not have livelihoods in the forest. Livelihoods carried out in the forest 
as well as using fire were done by adults, which sometimes results in fires which spread to the 
forest areas. 
 
4.3.1 Drivers of forest fires 
Based on the spatial and temporal distribution of fires, the study investigated the driving factors 
and variables influencing the trend from communities around these forest reserves affected by 
fire. The responses from respondents revealed four primary drivers with several influencing 
variables (Table 11). The majority of the total respondents considered socioeconomic factors as 
the main driving factor of forest fire (67%), followed by environmental factors (16%), factors 
depending on the type of vegetation (11%) and cultural factors (6%). The Kendall’s coefficient of 
concordance was used to examine the existence of reasonable degree of agreement among the 
respondents in the ranking of the drivers in the various ecological zones. The respondents’ 
views were statistically concordant (Kendall’s W = 0.7, p = 0.038). The respondents agreed with 
each other to a certain reasonable degree but not extremely. The mean ranks also showed that 
socioeconomic factors were the main driving force in the different ecological zones. The 
response analysis showed that cultural factor was not a driving force concerning fire in the moist 
forest, while the rest of the factors were indicated in all the study areas. The variables 
influencing the driving factors of fire in the different ecological zones were further studied 
(Figure 34). Most of the fires in the forest reserves were influenced through human livelihood (Χ2 
(3) = 2.6, p = 0.45). Driving factors related to poverty and unemployment (Χ2 (3) = 12.6, p = 
0.006) and drought (Χ2 (3) = 48.0, p < 0.0005) were the second and third most influencing 
variables, while only 2% were mentioned to be connected to urbanization (Χ2 (3) = 2.6, p = 
0.45), geographical location of the forest (Χ2 (3) = 10.6, p = 0.01), fuel (Χ2 (3) = 1.6, p = 0.66) 
and topography (Χ2 (3) = 2.6, p = 0.46) of the forest area. Fires were also said to be driven by 
population change (Χ2 (3) = 14.7, p = 0.002) and level of education (Χ2 (3) = 10.8, p = 0.01). 
Some respondents mentioned instances where both migrants (Χ2 (3) = 4.5, p = 0.21) and 
indigenous people (Χ2 (3) = 14.6, p = 0.002) have affected fire in the area. According to the 
results, 6% of the respondents suggested forest fires were influenced by rainfall (Χ2 (3) = 3.5, p 
= 0.32) and temperature (Χ2 (3) = 23.1, p < 0.0005) (Figure 34). The Pearson’s Chi-square test 
showed significant differences in variables influencing driving factors apart from human 
livelihood, urbanization, rainfall, fuel and topography which were undistinguished between the 
different ecological zones. There were some influencing variables specific to some ecological 
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zones such as urbanization, geographical location of the forest and the topography of the forest 
area. Interestingly, human livelihood was related to fire in the moist forest despite cultural was 
not seen as a driving factor.  
 
Table 11: Percentage of respondents’ views on main driving factors of fire in the different 
ecological zones. 
Drivers 
Moist semi-
deciduous 
forest 
Dry semi-
deciduous 
forest 
Upland 
evergreen 
forest Savanna 
Total 
percentage of 
each driving 
factor Ranking 
 
Cultural 0.0 2.1 5.3 19.4 5.8 1 
 
Socioeconomic 79.5 60.0 63.2 65.7 67.0 4 
 
Environmental 14.8 12.6 25.3 10.4 16.2 3 
 
Type of vegetation 5.7 25.3 6.3 4.5 11.0 2 
 
Total 100 100 100 100 100 10 
Ranking: following in order of smallest to largest percentage total of each driving factor (1= 
smallest percentage and 4 = largest percentage). 
 
 
 
 
Figure 34: Respondents’ views on specific and main driving factors influencing the 
driving factors of fire in the different ecological zones. 
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4.3.2 Direct and underlying causes of forest fires in the different ecological zones 
The analysis revealed the presence of fire, but no natural cause in the different forest reserves. 
The main causes of forest fire were related to human through activity causes (88%), non-activity 
causes (10%) and other causes (2%) (Figure 35, 36). Forest fires that started through human 
activity causes were identified as farming (Χ2 (3) = 14.6, p = 0.002), hunting (Χ2 (3) = 23.5, p < 
0.0005), on-farm cooking (Χ2 (3) = 21.3, p < 0.0005), charcoal production (Χ2 (3) = 25.3, p < 
0.0005), palm wine tapping (Χ2 (3) = 17.3, p = 0.001), smoking (Χ2 (3) = 42.1, p < 0.0005) and 
pasture production (Χ2 (3) = 4.6, p = 0.200). Out of the total responses, farming (28%) was seen 
as the leading cause of the fire, especially in the dry forest, followed by hunting (27%) and 
smoking (16%) among the activity causes. The non-activity caused fires occurred through arson 
(Χ2 (3) = 88.6, p < 0.0005) and carelessness or negligence (Χ2 (3) = 26.5, p < 0.0005). 
Concerning the non-activity caused fires, arson was recognized only in the savanna (Figure 35). 
Other causes of forest fire through human were started by mad people and broken cars (Χ2 (3) = 
2.6, p = 0.45) and unknown causes (Χ2 (3) = 9.9, p = 0.02). The analysis showed significant 
differences between the different ecological zones with respect to the causes of forest fires with 
the exception of fire through mad people and broken cars and pasture production. 
 
 
 
Figure 35: Respondents’ views on causes of forest fires in the moist, dry, evergreen and 
savanna. 
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Although too short a time to compare on a time scale, the current causes of fires in the moist 
and dry forest were compared with previous data and studies carried out in 2012 (Agyemang, 
2012; Agyemang et al., 2015) to realize the change in causes over time. Some of the fire 
causes were presently not identified in both areas while some of them remained with additional 
ones (Table 12). The causes of forest fires within the selected forest reserves were mostly 
determined by setting fire and forgetting it after use (38%), followed by quenching and 
resurrection of fire (29%), environmental factors, mostly wind (18%) and the absence of fire 
volunteers (15%) in the communities to control unwanted fires in the forest reserves.  
 
Table 12: change in forest fire causes with time. 
Causes of forest fire  DSDF MSDF Remarks 
Year 2012 Year 2015 Year 2012 Year 2015 
Farming Yes Yes Yes Yes Continue to exist 
Hunting Yes Yes Yes Yes Continue to exist 
On-farm cooking Yes Yes Yes Yes Continue to exist 
Palm wine tapping Yes Yes Yes No Continue to exist in 
the dry forest 
Smoking Yes Yes Yes Yes Continue to exist 
Honey collection No No Yes No Not anymore  
Charcoal production Yes Yes Yes Yes Continue to exist 
Carelessness or 
Negligence 
Yes Yes Yes Yes Continue to exist 
Arson Yes No Yes No Not anymore 
Unknown Yes No Yes Yes Continue to exist in 
the MSDF 
Mad people and 
broken cars 
No Yes No No Additional cause in 
the DSDF 
 
 
The respondents related the direct causes to mainly inadequate management of the forest (Χ2 
(3) = 7.7, p = 0.05), weak compliance and enforcement of forest laws (Χ2 (3) = 7.3, p = 0.06), 
change in climate (Χ2 (3) = 6.5, p = 0.09), change in demographic characteristics and use of the 
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forest (Χ2 (3) = 5.3, p = 0.15), lack of collaboration between stakeholders in fire management (Χ2 
(3) = 13.1, p = 0.004) and inappropriate land use (Χ2 (3) = 19.5, p < 0.0005) as the underlying 
causes. There were significant differences in terms of underlying causes with the exception of 
weak compliance and enforcement of forest laws, change in climate and change in 
demographic characteristics and use of the forest which were common in the different 
ecological zones.  
 
   
   
Figure 36: (a) Red empty plastic bullet container inside AFR, (b) fires aimed to be caused 
by hunting in a newly established plantation about to start a fire in AHR (Source: FSD– 
Offinso, 2012) (c) leftover of charcoal in AHR (d) arranged firewood to cook on-farm.  
 
4.3.3 Impacts of fires in the different ecological zones 
From the previous analysis, forests in the different ecological zones have been affected by fire 
throughout the period of 2001 to 2015. Aside area burned, the study revealed different impacts 
of fire in the different ecological zones categorized under social, economic and environmental. 
The social impacts focused on damages caused by fire to farm crops or produce and loss of 
livelihoods such as livestock production (Table 14). Thirty-two percent of the respondents 
mentioned damages to food crops which included tubers, cereals, legumes and vegetables 
planted in farms close to forests and areas within forest reserves set aside for taungya. Relating 
a. b. 
c. d. 
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to this, they also recalled harvested farm produce (maize, yams, cocoyam and cassava) stored 
on farms to be conveyed home later that was burned by fire. About (1%) of the people 
mentioned that occurrences of fire in the savanna result in inadequate fodder to feed their 
livestock, especially during the dry season leading to lower development and death in livestock. 
Economic losses were related to the cost of suppression (Table 13) and loss of homes as a 
result of forest fire (Table 14). The cost of suppression in only Bosomkese forest reserve was 
between 190 GH₵ to 1500 GH₵ (USD 99-425) per fire outbreak, depending on the size of the 
fire (Table 13). Occasionally, villagers also blamed forest fires extending into the communities to 
burn properties and homes, putting them in fear anytime there is an outbreak (3%).  
 
Table 13: Cost estimates on suppression in Bosomkese forest reserve for some fire 
outbreaks recorded by the forest district depending on the size of the fire. 
Date Suppression cost in GH₵ USD 
12.02.2012 342.00 200.00 
5.02.2013 190.00 99.00 
02.02.2014 243.00 100.00 
02.03.2015 1500.00 425.00 
The conversion was done in OANDA currency converter http://www.oanda.com/currency-
/converter/  with respect to the different dates. 
 
Other respondents (31%) revealed losses in the forest regarding killing or destroying 
merchantable trees, loss of medicinal plants among other non-timber forest products (NTFPs) 
(Table 14). In some cases, wild animals were lost to forest fires with destroyed habitats (16%). 
Some of the people (4%) mentioned drying up of water bodies in the forest due to open forest 
canopies by fire, prompting them to take water anytime they are going to the forest. In addition, 
the threats of fire in the forest have contributed to reduced rainfall and changes in rainfall 
pattern (2%) as well as climate change (1%). There is also a reduction in soil fertility (7%) due to 
repeated burns, creating space for grass, weeds (Chromolaena odorata) and other invasive 
species in the forest. Some people said the air is always polluted with smoke during fire 
outbreak making it difficult for them to breathe (2%). The only positive impact identified was the 
regeneration of certain plants that depended on fire to germinate (1%), which were all 
considered under environmental impacts. To assess the degree of agreement among the 
different ecological zones, the Kendall’s coefficient of concordance was used after ranking the 
impacts of forest fire. The results proved a highly significant degree of concordance among the 
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different ecological zones (Kendall’s W = 0.73, p = 0.001). The results also showed a high level 
of agreement on damage to forest (trees and NTFPs) as the main impact of fire on the 
communities in the various ecological zones. 
 
Table 14: Percentage of responses to fire impacts on the communities in the various 
ecological zones. 
Category Impacts of forest 
fire 
MSDF DSDF UEF Sav. Total 
percentage of 
each impact 
Ranking 
Social Loss of farm crops 
and produce 
40.4 50.8 17.8 19.8 32.5 11 
Loss of livestock 0.0 0.0 0.0 5.5 1.0 3 
Economic Loss of home and 
property 
0.7 7.8 0.7 1.1 2.6 6 
Environmental Damage to forest 
(trees and NTFPs) 
30.9 21.9 37.5 33.0 31.0 10 
Damage to wildlife 21.3 13.3 14.5 14.3 16.0 9 
Reduced rainfall 
and change in 
rainfall pattern 
2.2 2.3 3.3 1.1 2.4 5 
Climate change 0.0 0.0 2.6 0.0 0.8 2 
Reduction in soil 
fertility 
0.0 2.3 9.2 20.9 7.1 8 
Air pollution 2.2 0.8 3.3 0.0 1.8 4 
Drying of water 
bodies 
2.2 0.0 9.9 4.4 4.3 7 
Regeneration of 
certain plants 
0.0 0.8 1.3 0.0 0.6 1 
TOTAL  100 100 100 100 100 66 
Ranking: following in order of smallest to largest percentage total of each driving factor (1= 
smallest percentage and 11 = largest percentage). 
 
88 
FUEL DYNAMICS AND BEHAVIOUR OF FIRE IN THE DIFFERENT ECOLOGICAL ZONES 
4.4 Fuel load of downed woody debris in the different ecological zones 
The analysis of downed woody fuel in the different ecological zones showed a higher estimated 
total fuel load in the evergreen forest, followed by the dry, moist and the least in the savanna. In 
all the different areas, the 1-hr fuel size class was less in all burned areas. The unburned area 
in the savanna had the highest 1-hr fuel load compared to the other ecological zones. Aside 
from this, the total 1000-hr (sound and rotten) fuel class for both burned and the unburned area 
in the evergreen, dry and moist was much greater than in the savanna. Whereas, the highest 
estimated 100-hr fuel load (14 t ha-1) was found in the moist forest, particularly in the area that 
has experienced fire. The estimated fuel load of 10-hr was found to be similar in burned and 
unburned areas in the dry and evergreen forest. In Figure 37, the differences in fuel sizes 
showed that some areas had more fine fuels (1-100-hr) than coarse fuels (1000-hr sound and 
rotten) especially the burned area of the moist forest and unburned area of the savanna. With 
the exception of the moist forest, the 1000-hr (sound) fuel load was higher in burned areas for 
the rest of the ecological zones. The highest 1000-hr (sound) fuel load can be seen in the dry 
forest in the burned area, with no such fuel sizes in the unburned area in the savanna. More 
1000-hr (rotten) fuel load were common in the unburned area in the evergreen forest, but were 
absent in the unburned area in the savanna. Both sound and rotten (1000-hr) fuels were 
missing in the unburned area in the savanna. Comparing the means of 1000-hr (sound and 
rotten) fuel load for burned and unburned areas proved that most of 1000-hr (sound) fuel load 
occurred in the burned area while the 1000-hr (rotten) fuel load were mainly in the unburned 
area (Table 15).  
 
Table 15: Mean estimate of 1000-hr (sound and rotten) fuel load (t ha-1) for burned and 
unburned areas in the different ecological zones. 
Ecological zones 
Sound Rotten 
Burned  Unburned Burned  Unburned 
Moist semi deciduous forest 7.87 25.95 5.87 2.22 
Dry semi deciduous forest 179.05 33.43 21.27 45.73 
Upland evergreen forest 156.32 54.26 56.67 127.13 
Savanna  6.16 0.00 2.00 0.00 
Total  349.41 113.65 85.80 175.08 
Mean 87.35 28.41 21.45 43.77 
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Figure 37: Fuel loading of downed woody debris in the different ecological zones under 
burned and unburned areas. 
 
The range of estimated 1-hr to 1000-hr fuel load in the evergreen forest was 2.4-156.3 t ha-1 in 
the burned area and 6.2-127.1 t ha-1 in the unburned area while the dry forest had 4.1-179.1 t 
ha-1 for burned area and 9.7-45.7 t ha-1 for the unburned area. In the moist forest, the analysis 
of 1-hr to 1000-hr fuel load revealed a range of 5.0-14.3 t ha-1 in burned area and 2.2-26 t ha-1 in 
the unburned area, whereas in the savanna were between 2.0-6.7 t ha-1 for burned area and 
0.0-17.8 t ha-1 for unburned areas. From the results, the estimated total fuel load of downed 
woody material in the burned area was lesser than the unburned area for moist (40.7 and 43.4 t 
ha-1) and savanna (22.4 and 23.9 t ha-1) respectively. Conversely, the estimated total fuel load 
of downed woody debris in the dry (216.4 and 111.8 t ha-1) and evergreen (228.0 and 208.4 t 
ha-1) forest was higher in the burned area compared to the unburned area (Figure 37). The 
results analysis of ANOVA showed no significant difference between the burned areas (F (4, 15) 
= 2.7, p = 0.07) and the unburned areas (F (4, 15) = 1.3, p = 0.32) in the different ecological 
zones in terms of fuel load under the different fuel size classes.  
 
4.4.1 Depth and bulk density of litter and duff in the different ecological zones 
Based on the litter and duff depth, dry mass of litter and sample area of (1 m2), the bulk 
densities (kg m-3) of litter and duff in the different ecological zones regarding burned and 
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unburned areas were determined (Figure 38). The depth in areas where fuel samples were 
taken was measured for burned and the unburned area in the different ecological zones. 
 
Table 16: Recorded depth for burned and the unburned area in the different ecological 
zones. 
Ecological zones Depth measured (cm) 
 Burned Unburned 
Moist semi-deciduous 1.3 1.2 
Dry semi-deciduous 0.7 1.2 
Upland evergreen forest  1.0 1.9 
Savanna  0.2 0.5 
 
 
The maximum depth of fuel was recorded in the evergreen forest and the minimum in the 
savanna. The depth of fuel recorded in the unburned area in the moist and dry was the same. 
Litter depth in the different areas seems to be low in the burned areas, except the moist forest 
(Table 16). For all ecological zones put together, the litter and duff densities in the burned area 
ranged from 17.9 kg m-3 to 63.5 kg m-3 while the litter and duff density for the unburned area 
ranged between 31.7 kg m-3 and 112.2 kg m-3. The bulk densities of litter and duff in burned 
areas were comparatively lower than unburned areas (Figure 38). The highest bulk density of 
litter and duff was observed in the moist forest with a minimum of 48.5 kg m-3 for burned and 
112.2 kg m-3 for the unburned area. It was followed by savanna 63.5 kg m-3 and 90.2 kg m-3 for 
burned and the unburned area respectively. The next ecological zone was the upland evergreen 
forest with a range of 19.9 kg m-3 and 33.0 kg m-3 for burned and the unburned area 
respectively. On the other hand, the dry forest had the least bulk density of litter and duff of 17.9 
kg m-3 for burned area and 31.7 kg m-3 for the unburned area. Litter in the moist, dry and 
evergreen forest were mainly dead and dried leaves (brown to dark brown leaves), few fresh 
leaves (slightly green leaves), twigs and duff while the savanna was made up of dead grass 
blades, dead and dried leaves and little duff. There was a nonsignificant negative correlation 
between fuel depth and bulk density of litter and duff (r = -0.223, p = 0.596), but nearly 
significance between dry mass and bulk density of litter and duff (r = 0.693, p = 0.057) under 
burned and unburned areas in the different ecological zones as determined by Pearson 
correlation. The dry mass of the litter and duff predicted the bulk density. 
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Figure 38: Bulk densities (BD) of litter and duff (kg m-3) categorized under burned and 
unburned areas in the different ecological zones. Bars show the standard error. 
 
4.4.2 Litter and duff loadings in the different ecological zones 
Depending on the oven dry samples of litter and duff and the sample area (1 m2), the litter and 
duff loadings were estimated (Table 17). The quantity of litter and duff loadings in the burned 
areas in the different ecological zones was less compared to the unburned areas. Combining all 
data, the moist forest had more fuel loadings, followed by the evergreen, savanna and dry 
forest. The analysis revealed a relation between the litter duff loadings and the bulk density 
analysis. The moist forest had the highest litter and duff loadings of 0.63 kg m-2 (6.3 t ha-1) for 
burned and 1.35 kg m-2 (13.5 t ha-1) for the unburned area and likewise the highest bulk density 
(Figure 38). Similarly, the dry forest had the lowest litter and duff loadings (Table 17) as well as 
bulk densities (Figure 38) in both burned 0.13 kg m-2 (1.3 t ha-1) and unburned area 0.38 kg m-2 
(3.8 t ha-1). Conversely, the upland evergreen forest and the savanna varied in terms of litter 
and duff loading and bulk densities following the trend, which can be attributed to differences in 
depth recorded in the different areas.  
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Table 17: Summary of litter and duff loadings (kg m-2) converted into (t ha-1) categorized 
under burned and unburned areas among the different ecological zones. 
Ecological zones Litter and duff loadings  
(kg m-2) 
Litter and duff loadings  
(t ha-1) 
Moist semi-deciduous forest    
Burned  0.63 6.30 
Unburned 1.346 13.46 
Dry semi-deciduous forest    
Burned  0.125 1.25 
Unburned 0.38 3.80 
Upland evergreen forest   
Burned  0.199 1.99 
Unburned 0.627 6.27 
Savanna    
Burned  0.127 1.27 
Unburned 0.451 4.51 
 
4.4.3 Herbaceous fuel loading in the different ecological zones  
The herbaceous fuel within the sample frame that was clipped and collected with litter were 
sorted. Samples were dried to estimate the herbaceous fuel loading (Table 18) with the sampled 
area. The herbaceous loading in the different ecological zones showed an increase in 
herbaceous fuel in burned areas except for the evergreen forest. The dry forest (2.4 t ha-1) was 
slightly higher than the moist (2.38 t ha-1) and savanna (2.07 t ha-1) concerning herbaceous 
loading in the burned area. The highest herbaceous fuel loading in the unburned area was in 
the evergreen forest (1.65 t ha-1). The herbaceous types in the moist, dry and evergreen forests 
were similar and can be described as forbs and herbs. The predominant herbaceous type in the 
savanna was grass. These were tall grasses with a height of about 2.5 m. 
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Table 18: Summary of herbaceous loadings (kg m-2) converted into (t ha-1) categorized 
under burned and unburned areas among the different ecological zones. 
Ecological zones Herbaceous loadings 
(kg m-2) 
Herbaceous loadings  
(t ha-1) 
Moist semi-deciduous forest    
Burned  0.238 2.38 
Unburned 0.082 0.82 
Dry semi-deciduous forest    
Burned  0.24 2.4 
Unburned 0.107 1.07 
Upland evergreen forest   
Burned  0.027 0.27 
Unburned 0.165 1.65 
Savanna    
Burned  0.207 2.07 
Unburned 0.09 0.9 
 
4.4.4 Prediction of fire behaviour in the different ecological zones 
Using Tinytag Plus, the temperature and relative humidity were measured during the 
experiment. Relative to forest, the savanna was found to have a higher mean temperature. The 
mean temperature was high in November for the dry, evergreen and savanna. Conversely, the 
highest temperature was recorded in October in the moist forest. September had the least 
recorded mean temperature for dry forest and savanna. October and November had the least 
mean temperature for evergreen and moist forest respectively. The least mean temperature was 
recorded in the evergreen forest (23.9 °C) with the highest in the savanna (28.7 °C) (Figure 39). 
Concerning the relative humidity, the dry forest showed a continuous decrease in trend across 
the three months (September to November). The mean relative humidity in November was 45% 
lower than in September in the dry forest. Both highest and lowest mean relative humidity was 
recorded in the dry forest (Figure 40). 
94 
 
 
Figure 39: Changes in temperature from September to November in the various 
ecological zones from the weather loggers. 
 
 
 
Figure 40: Changes in relative humidity from September to November in the various 
ecological zones from the weather loggers. 
   
The analysis in BehavePlus did not produce any significant differences in burned and unburned 
area data. The significant results are presented in Figures (Figure 41, Figure 42, Figure 43 
Figure 44). There were different predicted behaviour of fire in the different ecological zones with 
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respect to the fuel model and the different fuel moisture content. The analysis showed a rapid 
behaviour of fire with reduced fuel moisture content. The parameters of fire behaviour 
decreased with increased fuel moisture, making fuel moisture essential in fire behaviour 
(Figures Figure 41, Figure 42, Figure 43Figure 44). Comparing the results from BehavePlus 
predicted that 25% of dead fuel moisture to 30% of live fuel moisture results in no fires in the 
moist, dry and evergreen forest. From the fire characteristics chart, the heat per unit area was 
estimated between 0-20485 kJ/m2 with fireline intensity from 0-269 which is below 346 kW/m 
and flame length between 0-1 m in the moist forest. From the data in the moist forest (Table 9), 
taking dead fuel moisture of 21% and live fuel moisture of 60% resulted in the surface rate of 
spread at 0.2 m/min, heat per unit area of 9201 kJ/m2, fireline intensity of 32 kW/m, flame length 
of 0.4 m with a reaction intensity of 705 kW/m2 (Figure 41). The dry forest showed a similar 
behaviour like the moist forest regarding heat per unit area, but a minor increase was observed 
in fireline intensity (0-290) which is still below 346 kW/m with fire flame between 0-1.1 m from 
the fire characteristics chart (Figure 42). From Table 9, a dead fuel moisture of 15% to live fuel 
moisture of 90% is expected to have a surface rate of spread of 0.3 m/min, 12358 kJ/m2 of heat 
per unit area, 56 kW/m of fireline intensity, 946 kW/m2 of reaction intensity with flame length of 
0.5 m. Based on the fire characteristics chart, the evergreen forest predicted heat per unit area 
like the moist and dry forest, but the highest fireline intensity between 0-337 and flame length of 
0-1.1 m (Figure 43). Relating results to the data in Table 9 showed that dead fuel moisture of 
19% and live fuel moisture of 110% predicted a surface rate of spread to be 0.2 m/min, heat per 
unit area of 9916 kJ/m2, fireline intensity of 37 kW/m, reaction intensity of 759 kW/m2 and flame 
length of 0.4 m. In the savanna, it was also found out that dead fuel moisture of 25% resulted in 
no fires. The predicted behaviour of fire was estimated between 0-5.1 m/min, 0-12227 kJ/m2, 0-
1038 kW/m, 0-1.9 m and 0-796 kW/m2 for surface rate of spread, heat per unit area, fireline 
intensity, flame length and reaction intensity respectively (Figure 44). From the fire 
characteristics chart, heat per unit area and reaction intensity tend to be low compared to that of 
the moist, dry and evergreen forest. However, the surface rate of spread, fireline intensity and 
flame length are higher than the rest of the ecological zones. From Table 9, dead fuel moisture 
of 13% is predicted to have 2 m/min of surface rate of fire spread, 7301 kJ/m2 of heat per unit 
area, 245 kW/m of fireline intensity, 1 m of flame length and 475 kW/m2 of reaction intensity. 
From the fire characteristics chart, predicted fires below 346 kW/m and flame length of 1 m 
could easily be handled by humans and hand tools as shown in Figures (41, 42 and 43). On the 
contrary, the predicted behaviour of fire in the savanna had a greater fireline intensity and flame 
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length, which in extreme conditions cannot be handled by humans and hand tools, but rather 
advanced equipment (Figure 44). 
  
  
  
Figure 41: BehavePlus diagrams showing fire characteristics chart, surface rate of 
spread, heat per unit area of fire, flame length, fireline intensity and reaction intensity in 
the moist forest. 
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Figure 42: BehavePlus diagrams showing fire characteristics chart, surface rate of 
spread, heat per unit area of fire, flame length, fireline intensity and reaction intensity in 
the dry forest.  
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Figure 43: BehavePlus diagrams showing fire characteristics chart, surface rate of 
spread, heat per unit area of fire, flame length, fireline intensity and reaction intensity in 
the evergreen forest. 
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Figure 44: BehavePlus diagrams showing fire characteristics chart, surface rate of 
spread, heat per unit area of fire, flame length, fireline intensity and reaction intensity in 
the savanna. 
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EFFECTS OF FIRE ON FOREST CARBON IN THE DIFFERENT ECOLOGICAL ZONES 
4.5 Structure and diversity of tree species in the different ecological zones  
From the different forest reserves, a total of 283 trees was measured and recorded (Figure 45). 
There were 17 and 48 trees measured for burned and the unburned area respectively in the 
moist forest belonging to the families of Meliaceae (20%), Ulmaceae (22%), Sterculiaceae 
(15%) and others (43%) (Figure 45a). In addition, a number of 25 and 48 trees were measured 
in burned and unburned area respectively, mainly under the families of Moraceae (34%), 
Sterculiaceae (26%) and others (40%) in the dry forest (Figure 45b). In the evergreen forest, a 
total of 27 and 35 trees were measured for burned and the unburned area respectively, with 
diverse species families of Meliaceae (35%), Apocynaceae (16%), Mimosaceae (15%) and 
others (34%) (Figure 45c). Whereas in the savanna, 14 trees were measured in the burned area 
while 69 trees were measured in the unburned area, mostly belonging to Caesalpiniaceae 
(33%), Sapotaceae (16%) and others (51%) (Figure 45d).  
 
     
 
     
 
Figure 45: Tree species surveyed in the moist, dry, evergreen and savanna respectively.  
a. b. 
c. d. 
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In the moist forest, Celtis mildbraedii (Ulmaceae) was the most common species that were 
surveyed. Other economic species surveyed were Triplochiton scleroxylon (Sterculiaceae) and 
Khaya grandifoliola (Meliaceae). The most frequent species enumerated in the dry forest was 
Broussonetia papyrifera (Moraceae), followed by Cola gigantea (Sterculiaceae) and Trichilia 
prieuriana (Meliaceae). The most important species surveyed in the evergreen forest were 
Cedrela odorata (Meliaceae). Albizia zygia (Mimosaceae) and Alstonia boonei (Apocynaceae) 
were also significantly common in the evergreen forest. Detarium microcarpum 
(Caesalpiniaceae) had the highest frequency of tree species enumerated in the savanna, 
followed by Vitellaria paradoxa (Sapotaceae) and Strychnos spinosa (Loganiaceae) (Figure 45). 
It was found out that a greater number of trees were recorded in the Savanna (83 trees) 
especially in the unburned area. In the dry forest, 73 trees were recorded while 65 trees were 
recorded in the moist forest. Only 62 trees were inventoried in the evergreen forest (Figure 45). 
Among all the ecological zones, the dry forest had the highest recorded diverse species families 
(12 families) while 5 tree species (Albizia zygia, Alstonia boonei, Ceiba pentandra, Trilepisium 
madagascariense and Triplochiton scleroxylon) were common to the moist, dry and evergreen 
forests. Five species (Broussonetia papyrifera, Celtis mildbraedii, Cola gigantea, Mansonia 
altissima and Sterculia rhinopetala) were common for both moist and dry forest while 3 species 
(Amphimas pterocarpoides, Cedrela odorata and Entandrophragma angolense) were common 
between the moist and the evergreen forest. The most important species similar in the dry and 
evergreen were Funtumia elastica, Margaritaria discoidea, Baphia nitida and Spathodea 
campanulata. The savanna had different tree species and the least number of species diversity. 
Comparatively, the number of trees recorded in the burned area was less than the unburned 
area in all the different ecological zones. From the results, the distribution of trees in the 
different ecological zones had different diameter size classes. Most of the trees were between 
the diameter size class of 10-29 cm dbh (47% of all trees recorded), followed by trees with 
diameter less than 10 cm dbh (30% of all trees recorded), 30-50 cm dbh (14% of all trees 
recorded) and lastly > 50 cm dbh (9% of all trees recorded). The estimated percentages of 
diameter class between 10-29 cm dbh in the different ecological zones were 55%, 47%, 47% 
and 42% for moist, dry, evergreen and savanna respectively. The highest number of trees with 
dbh > 50 in both burned and unburned areas was inventoried in the evergreen forest (11 trees), 
followed by the dry forest (9 trees) and the moist forest (5 trees). None of the trees recorded in 
the savanna had dbh > 50 (Figure 46). The range of dbh of measured trees in the moist, dry, 
evergreen and savanna was 5.6 to 82.8 cm, 5 to 83 cm, 6 to 70.1 cm and 5 to 31 cm 
respectively. Conversely, the distribution of the height classes revealed 74% of all recorded 
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trees < 10 m, followed by 10-19 m with 19% of all recorded tree. The height class between 20-
30 m had 6% of all recorded trees while about 1% of all recorded trees was observed in height 
class > 30 m. Trees with height less than 10 m accounted for 55%, 79%, 56% and 100% for 
moist, dry, evergreen and savanna respectively. The tree with the greatest height was recorded 
in the moist while all trees recorded in the savanna were < 10 m (Figure 47).  
 
 
Figure 46: Diameter size classes (dbh in cm) in the different ecological zones between 
burned and unburned area. 
 
 
Figure 47: Distribution of height classes (m) in the different ecological zones between 
burned and unburned area. 
 
The relationship between diameter and tree height showed a strong positive correlation in the 
moist forest (r =0.692**, p < 0.0005), dry forest (r =0.709**, p < 0.0005), evergreen forest (r 
=0.295*, p < 0.02) and savanna (r =0.658**, p < 0.0005) using Pearson’s correlation. This 
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explains that trees with bigger dbh corresponded with greater heights in the different ecological 
zones. 
4.6 Aboveground biomass and carbon stocks of trees in burned and unburned areas in 
different ecological zones 
As expected, analysis of the aboveground biomass density (t ha-1) in the savanna was the least 
among the different ecological zones with 5.8 t ha-1 for burned and 19.4 t ha-1 for unburned area. 
The moist forest had the highest aboveground biomass density of 95.1 t ha-1 for burned and 
604.9 t ha-1 for the unburned area. The aboveground biomass density in evergreen forest, 205.5 
t ha-1 for burned and 314.2 t ha-1 for the unburned area was slightly higher than the dry forest 
with 112.4 t  ha-1 and 394.4 t ha-1 for burned and the unburned area respectively. On the other 
hand, the evergreen forest had the highest aboveground biomass density in burned area among 
the different ecological zones. In general, the estimated aboveground biomass density (t ha-1) 
for the burned areas was significantly lower than the unburned areas in all the different 
ecological zones (Figure 48).  
 
 
  
 
Figure 48: Aboveground biomass density in burned and unburned area in the different 
ecological zones. 
 
Despite the different allometric equations used for the different ecological zones,  it was realized 
that the higher the dbh, the greater the aboveground biomass density of the tree (Table 19). For 
all the ecological zones, comparing the number of trees in the different size classes and the 
aboveground biomass density showed a range between 0.2 t ha-1  and 2.8 t ha-1  for burned 
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areas and 0.5 t ha-1 and 5.4 t ha-1 for unburned areas with trees at diameter size class of < 10 
cm. Despite the greater number of trees between 10-29 cm dbh accounted for 2.6 t ha-1 to 37.8 t 
ha-1 for burned area and 14 t ha-1 to 90.6 t ha-1 for the unburned area. Trees with 30-50 dbh 
showed a range between 2.4 t ha-1 to 78.2 t ha-1 and 0 t ha-1 to 215.3 t ha-1 for burned and the 
unburned area respectively. The least recorded number of trees with > 50cm dbh presented an 
estimated value of 0 t ha-1 to 92.1 t ha-1 for burned area 0 t ha-1 to 297 t ha-1 for the unburned 
area (Table 19). 
 
Table 19: Relation between the number of trees in the different diameter size classes and 
aboveground biomass density in both burned and unburned areas. 
Diameter 
size 
class 
Moist forest 
(AGB t ha-1) 
Dry forest  
(AGB t ha-1) 
Evergreen forest  
(AGB t ha-1) 
Savanna  
(AGB t ha-1) 
TR B UB TR B UB TR B UB TR B UB 
< 10 10 0.9 2.0 24 2.8 2.6 4 0.2 0.5 47 0.8 5.4 
10 – 29 36 37.8 90.6 34 24.7 53.6 29 35 22.9 35 2.6 14.0 
30 – 50 14 22.5 215.3 6 13.8 45.7 18 78.2 82.2 1 2.4 - 
> 50 5 33.9 297.0 9 71.1 292.5 11 92.1 208.6 - - - 
Total 65 95.1 604.9 73 112.4 394.4 62 205.5 314.2 83 5.8 19.4 
TR: Total number of trees recorded in both burned and unburned areas, B: Estimated 
AGB t ha-1 in burned area and UB: Estimated AGB t ha-1 in unburned area. 
 
The aboveground carbon stock (t C ha-1) followed a similar trend to the aboveground biomass 
density (t ha-1) because the aboveground carbon stock was estimated from the aboveground 
biomass density. The aboveground carbon stock was considered as half of the aboveground 
biomass density, which was multiplied by 0.5. The aboveground carbon stock for the moist, 
evergreen, dry and savanna in the burned and unburned area respectively were 47.6 and 302.4, 
102.7 and 157.1, 56.2 and 197.2 and lastly 2.9 and 9.7 t C ha-1. The moist forest had the 
highest aboveground carbon stock in the unburned area while higher carbon stock in the burned 
area was observed in the evergreen forest. The mean estimated aboveground carbon stock in 
both burned and the unburned area in moist, evergreen, dry and savanna was 175 t C ha-1, 
129.9 t C ha-1, 126.7 t C ha-1 and 6.3 t C ha-1 respectively. The mean estimated aboveground 
carbon stock in the moist is almost 1.3 times higher than that of evergreen forest, nearly 1.4 
times higher than the dry forest and 27.8 times greater than the estimated quantity in the 
savanna. Among all the ecological zones, the savanna had the lowest aboveground carbon 
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stock (Figure 49). The relation between the aboveground carbon stock and the diameter of the 
trees showed a strong positive association using regression analysis, which signifies that the 
larger the trees in dbh, the higher the carbon stock (Figure 50).  
 
 
 
Figure 49: Aboveground carbon stock in burned and the unburned area in the different 
ecological zones. 
 
                         
                   
Figure 50: The relationship between aboveground carbon stock and diameter at breast 
height in the moist, dry, evergreen and savanna respectively.  
a. b. 
c. d
. 
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4.7 Aboveground non-tree biomass of seedlings and herbaceous plants 
The aboveground non-tree biomass (t ha-1) of seedlings and herbs of ≤ 1 cm dbh and litter was 
calculated for the different ecological zones of burned and unburned area. The results of the 
aboveground non-tree biomass density in the moist, dry, evergreen and savanna in burned and 
unburned area were 19.19 and 16.91, 8.76 and 9.59, 4.59 and 18.67, 5.47 and 8.77 t ha-1 
respectively. Deducing the aboveground non-tree carbon showed a range of 9.59 and 8.45, 
4.38 and 4.79, 2.29 and 9.33, 2.73 and 4.38 t C ha-1 in moist, dry, evergreen and savanna in 
burned and unburned area respectively as shown in Table 20.  
 
Table 20: Aboveground non-tree biomass and estimated aboveground non-tree carbon 
stock under burned and the unburned area in the different ecological zones. 
Ecological zones Aboveground 
non-tree 
biomass 
 (t ha-1) 
Mean 
Aboveground 
non-tree 
biomass (t ha-1) 
Aboveground 
non-tree carbon  
(t C ha-1) 
Mean 
Aboveground 
non-tree carbon  
(t C ha-1) 
Moist forest      
Burned  19.19  
18.05 
9.59  
9.02 
Unburned 16.91  8.45  
Dry forest     
Burned  8.76  
9.18 
4.38  
4.59 
Unburned 9.59  4.79  
Evergreen forest      
Burned  4.59  
11.63 
2.29  
5.81 
Unburned 18.67  9.33  
Savanna     
Burned  5.47  
7.12 
2.73  
3.56 
Unburned 8.77  4.38  
 
The mean aboveground non-tree carbon was 9.02, 4.59, 5.81 and 3.56 t C ha-1 in the moist, dry, 
evergreen and savanna. From the analysis, the moist forest had the highest aboveground non-
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tree biomass and carbon stock, followed by the evergreen, dry and savanna following a similar 
trend like the aboveground tree carbon stock (Table 20). The mean estimated aboveground 
non-tree carbon stock in the moist is 1.6, 1.9 and 2.5 times greater than the evergreen, dry and 
savanna respectively.  
4.8 Belowground root biomass and carbon stock of the trees in the different ecological 
zones 
Calculating the belowground root biomass of the trees using the general equation for tropical 
trees based on the aboveground biomass resulted in an estimate of 19.42 and 99.56, 22.51 and 
68.23, 38.35 and 55.81, 1.65 and 4.77 t ha-1 under burned and the unburned area in the moist, 
dry, evergreen and savanna respectively. Converting the belowground root biomass to carbon 
was estimated to be 9.71 and 49.78, 11.26 and 34.11, 19.18 and 27.91, 0.82 and 2.39 t C ha-1 
in the moist, dry, evergreen and savanna respectively. The mean belowground root biomass in 
the moist, dry, evergreen and savanna was 59.49, 45.37, 47.08 and 3.21 t ha-1 which represent 
a mean carbon of 29.75, 22.69, 23.55 and 1.61 t C ha-1 respectively. The results showed that a 
higher quantity of belowground root biomass and carbon was found in the moist forest and the 
least in the savanna. On the other hand, the estimated quantity of belowground biomass and 
carbon was less in burned areas than the unburned area.  
 
 
 
 
Figure 51: Belowground root carbon under burned and the unburned area in the different 
ecological zones. 
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4.9 Comparing the mean aboveground tree and belowground root carbon in the different 
ecological zones  
From the results, the mean estimated aboveground carbon stock was significantly higher than 
the mean amount of carbon belowground (Figure 52). The mean ratio of the aboveground tree 
and belowground root carbon were found to be 5.88, 5.58, 5.52 and 3.93 in the moist, dry, 
evergreen and savanna respectively. The moist forest had the highest mean estimated 
aboveground and belowground carbon with the least obtained in the savanna. The quantity of 
belowground biomass and carbon stock followed a similar pattern like the aboveground biomass 
and carbon stock since the belowground biomass was estimated from the aboveground 
biomass. The comparison of the mean aboveground and belowground carbon showed 85% of 
carbon aboveground and 15% belowground in the moist, dry and evergreen forests. Contrarily, 
the savanna had 80% carbon stored aboveground and 20% belowground. However, the amount 
of carbon stored aboveground was higher than belowground in the different ecological zones.  
 
 
 
 
Figure 52: Comparison of mean aboveground and belowground carbon in the different 
ecological zones. 
 
4.10 Total carbon stock and the change in carbon pool (emission) based on burned and 
unburned area in the different ecological zones  
Based on carbon loss function, the emitted carbon was estimated. The total amount of carbon 
regarding aboveground tree, aboveground non-tree and belowground root biomass was greater 
in the moist forest than the rest of the ecological zone (Table 21).  
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Table 21: Total carbon stock and the change in carbon pool (emission) (t C ha-1) based on 
burned and unburned area in the different ecological zones. 
Ecological 
zones 
Portions Unburned 
(Gain) 
Burned 
(Remained loss) 
Change in 
carbon pool  
Percentage 
loss (%) 
Moist 
forest  
Aboveground tree 
biomass 
302.40 47.60 254.8 70.65 
Aboveground 
non-tree biomass  
8.45 9.59 - 1.14 - 0.32 
Belowground root 
biomass 
49.78 9.71 40.07 11.1 
Total 360.63 66.90 293.73 81.45 
Dry forest  Aboveground tree 
biomass 
197.20 56.20 141.00 59.72 
Aboveground 
non-tree biomass  
4.79 4.38 0.41 0.17 
Belowground root 
biomass 
34.11 11.26 22.85 9.68 
Total 236.10 71.84 164.26 69.57 
Evergreen 
forest  
Aboveground tree 
biomass 
157.10 102.70 54.40 27.99 
Aboveground 
non-tree biomass  
9.33 2.29 7.04 3.62 
Belowground root 
biomass 
27.91 19.18 8.73 4.49 
Total 194.34 124.17 70.17 36.11 
Savanna  Aboveground tree 
biomass 
9.70 2.90 6.80 41.29 
Aboveground 
non-tree biomass  
4.38 2.73 1.65 10.02 
Belowground root 
biomass 
2.39 0.82 1.57 9.53 
Total 16.47 6.45 10.02 60.84 
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Comparing the different portions of carbon measured revealed a greater portion of carbon 
stored in the aboveground tree and the least in aboveground non-tree in the moist, dry and 
evergreen forests. In contrast, the aboveground non-tree in the savanna was greater than the 
belowground biomass even though more carbon was stored aboveground tree. All the same, 
the estimated carbon in the different pool varied between the different ecological zones. Among 
the different carbon pool under the moist forest, the burned area had the majority of the 
aboveground non-tree biomass than the unburned area which resulted in a negative. In spite of 
that, the moist forest had a total of 361 t C ha-1 in the unburned area and less in burned area (67 
t C ha-1) with a difference of 294 t C ha-1 estimated at 82% carbon loss. The burned area in the 
savanna had 10 t C ha-1 less than the unburned area with 61% carbon loss. From the four 
different ecological zones, the highest percentage loss was seen in the moist forest (82%), 
followed by the dry forest (70%) and savanna (61%). The evergreen forest had the lowest 
emission of carbon due to fire (36%) (Table 21). 
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CHAPTER FIVE 
5.0 DISCUSSION 
5.1 Spatial and temporal distribution of fire in different ecological zones 
The results analysis confirms the hypothesis that the spatial and temporal distribution of fires in 
the different ecological zones were different based on MODIS. The use of MODIS for sourcing 
fire data have been considered in several studies, where the comparison of hotspot and ground 
checks have also been successful (Junpen et al., 2011; Manyatsi and Mbokazi, 2013; Thoha et 
al., 2014). Apart from the dry forest which showed an increasing trend of fire in space across the 
years, the rest depicted no clear trend. The increase in trend of fire in terms of space across the 
years in the dry forest can be assigned to increased human population in the surrounding 
communities, its availability to the people and the use of the forest for diverse human activities. 
The fires in the different ecological zones were found along forest boundaries, open vegetation, 
degraded areas, human settlements, shrubs, farms and even closed vegetation areas inside the 
forest reserves. The study showed more fires were spatially distributed in the dry semi-
deciduous forest particularly in the open vegetation, shrub and farm areas. Most fires in the 
moist semi-deciduous forest were located in open vegetation and human settlements whereas, 
fires in the upland evergreen forest were spotted around farmlands and degraded areas. All 
these can be attributed to human presence around the forest reserves. Fire hotspots were 
spotted around river banks and roads in the different ecological zones. Thoha et al. (2014) 
explained that the use of rivers for activities such as gathering and transporting timber, hunting, 
fishing and farming by people have made them vulnerable to fires. Also, areas closer to roads 
have high fire incidences due to human accessibility (Yang et al., 2007). 
 
Fire in the moist, dry and savanna can be described as high frequency as it occurs nearly every 
year in the different ecological zones. From the results, fire mostly affected the dry semi-
deciduous forest. Despite, the differences in the distribution of fire in the different ecological 
zones, the dry forest had the highest number of fire hotspots. Kodandapani et al. (2008) also 
found out that the dry deciduous forest is the most disturbed ecosystem affected by fires among 
three forest types. The large amount of downed woody material on the forest floor might have 
contributed to the repeated fires in the dry semi-deciduous forest. The conditions in the dry 
forest during the dry season is so severe that trees, climbers and herbs are deciduous while the 
sun penetrates to the forest floor, making fuel very dry (Janzen, 1988), which easily becomes 
combustible. The increased number of hotspots in the dry forest can also be explained by the 
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land use change where some areas of the forest reserve have been converted to farmlands and 
teak plantations. All these land use changes require the use of fire in their preparation, making 
the dry forest susceptible to fires. Cochrane (2003) found an interrelationship between land 
cover changes and forest fires in the tropics. Fire in the savanna can be justified by the 
presence of grass and the use of the forest for cattle grazing. Barbosa and Fearnside (2005) 
reported increased fires in the savannas of Roraima (Brazil) in areas not far from cattle ranches 
and villages. The moist forest has recently gained attention due to recurrent disturbances by 
fire. The moist forest seems to experience fire as a result of open forest canopy and excessive 
logging. These land use changes imply an increase in forest fuel loads, desiccation and 
flammability of the forest (Cochrane and Laurance, 2008). Lindenmayer et al. (2009) also 
explained the consequences of logging on fire regime in the moist forest. Fire did not threaten 
the upland evergreen forest due to minimal disturbances. Bunyavejchewin et al. (2011) argued 
that the year-round canopy cover avoids prolonged exposure of the forest floor to direct 
sunlight; hence fires enter the evergreen forests less frequently. In addition, fires do not 
frequently enter closed canopy forests, even in areas where large fuel exists because of the 
stable microclimate (Kyereh et al., 2006). 
 
In the moist forest, fire hotspot was significant in 2001, 2007 and 2012 while in the dry forest 
were observed in 2007, 2012 and 2015. Years with increased number of fire hotspots in the 
savanna were 2004, 2008 and 2011. The evergreen forest had only one fire hotspot in the 
various years of occurrence. Fire hotspots were significant in 2004 in the savanna and 2012 in 
both moist and dry forest with an increase after 2014. Moreno and Chuvieco (2012) found out 
that fire activity increased in certain years when weather parameters (high temperature and dry 
winds) provided the conditions suitable for large fires. According to Gajovic and Todorovic 
(2013), in Serbia, years with increased number of fires were those in which highest daily and 
extreme temperatures were measured. During the 15-year period, the area burned differed 
within the different ecological zones. There were years with increased fire hotspots, but less 
area burned and significant fires with significant area burned. Oliveras et al. (2005) explained 
that the number of fires has fewer consequences on area burned as factors such as vegetation 
and weather conditions seem to influence area burned. The ANOVA analysis of this study 
depicted a significant difference between the annual number of hotspots, mean annual rainfall 
and temperature among the different ecological zones. The savanna had the least annual 
rainfall and the mean highest temperature compared to the other ecological zones. However, 
113 
there was no significant difference statistically regarding annual area burned between the moist, 
dry and savanna despite a total of 1930 ha losses in 2012 in the moist forest.  
 
From the MODIS data, most fires were distributed from August, October to May every year in 
the different ecological zones. Therefore, within every year, there are approximately seven (7) to 
nine (9) months of probable forest fires with only three (3) to five (5) months without fires among 
the different ecological zones in Ghana. The monthly distribution of fires differed among the 
different ecological zones. The dry forest had the longest seasonality of fire from August, 
December and January to May but most significantly in March (161 fires). Most fires in the 
savanna started between October and March. The month of December (121 fires) was the peak 
fire season in the savanna. Fires in the moist forest peaked in February (31 fires) from the 
beginning of December to April while in the evergreen forest were observed from January to 
March. There were seven, six, five and three months of likeliness of fires in the dry, savanna, 
moist and evergreen forest respectively. The monthly range of forest fires represents the 
season when rain reduces and ceases. The months (November to March) are also marked as 
the dry season in Ghana. Several studies have also shown that most fires occur in the dry 
season (Barbosa and Fearnside, 2005; Chen et al., 2014; Junpen et al., 2011; Manyatsi and 
Mbokazi, 2013). Fires occurring during the dry season affirmed the findings of Arganaraz et al. 
(2015) that fires occurred mostly in mid to late winter (August and September) due to high 
temperatures, low or no rainfall and high wind speeds. Similarly, during the dry season in 
Ghana, there is high dry air current (Agyemang et al., 2015), increased temperature with little or 
no rainfall which significantly affects the distribution of fire. The mean monthly rainfall and 
temperature data during the period, 2001 to 2015 also showed a decline in rainfall with 
increased temperature during those fire seasons. For example, the weather logger placed in the 
savanna from September to November recorded a peak daily temperature of 42.6 °C at 12:30 
pm in November. November was noted with fires (85 fires) in the savanna during the studied 
period. During the dry season, there is increasing fuel load (leaf litter) on the forest floor, which 
influences fire ignition (Agyemang et al., 2015). Comparing the monthly hotspot to the different 
months of fire in the different ecological zones showed an increase in fire mostly in February 
(193 representing 26% of all fires), followed by March (183 representing 25% of all fires) and 
December (127 representing 17% of all fires). February is when the dry season is so severe in 
Ghana. This pointed out that fires seem to occur before and after the two peak rainfall seasons 
in the different ecological zones. The first peak of rainfall begins from May to July and the 
second from September to October in the southern forests (moist, dry and evergreen) while the 
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northern forest experiences rainfall from May to October. Referring to the monthly distribution of 
fires, there were no fires in the different ecological zones during the wet periods (rainy season). 
Rainfall increases the fuel moisture content that reduces fire size or area burned and rate of 
spread or simply makes it difficult to ignite (Chen et al., 2014; Pausas, 2004, Thoha et al., 
2014). Statistically, the mean monthly hotspot significantly associated with the monthly 
temperature, but not monthly rainfall in the moist, dry and evergreen forest. This implies that 
whenever the temperature increases, the number of hotspot increases in the moist, dry and 
evergreen forest. Conversely, the number of monthly hotspots did not statistically significantly 
relate to the monthly temperature or monthly rainfall in the savanna. This is a clear evidence of 
human influence on fire in the savanna.  
 
During the weekly incidences of forest fires, most fires were detected on Sunday (143 
representing 19% of all fires), followed by Wednesday (129 representing 17% of all fires) and 
Tuesday (117 representing 16% of all fires) comparing all the different ecological zones. Apart 
from the evergreen forest that did not show a significant day of the fires, Sunday was the peak 
day of fires in the dry forest (97 fires). The possible reason for increased fire during the 
weekend in the dry forest can be the absence of forestry workers or reduced activities of 
forestry personnel during the weekend. During the weekend, most of the workers travel to their 
families which the local people are aware of. They then carry out their activities that might cause 
fire outbreak during the weekend. Despite Tuesdays were taboo days for not entering the dry 
forest (Afram Headwaters), nearly 66 fires were detected. This can be attributed to fires used in 
the previous days in the forest that were not taken care of or some people ignoring those days 
and entering the forest for their gains. The least number of hotspots in the dry forest was 
detected on Friday (31 fires). Most of the farmers around the dry forest are migrants and are 
mainly Muslims. Fridays are seen as the holy day of Muslims where most of them will not go to 
the forest, hence reduced fire activities. In the moist forest, fires were significant on Tuesdays 
(15 fires) with the least on Saturdays (7 fires). Because taboo days were rotated in the moist 
forest, the differences between the number and days of fire were not huge compared to the dry 
forest. In the savanna, fires were apparent on Thursdays (42 fires), but less evident on Fridays 
(24 fires). The people in this region are Muslims where explanation has already been given. 
Therefore, taboo days and religious activities seem to have an influence on fire distribution in 
the forest. During the day, the fire starts from 10 am to 15 pm, but peak between 13 and 14 pm 
in all the different ecological zones of Ghana. Some fires were seen from 22 to 23 pm in the 
moist, dry and savanna and 24 am in the dry forest only. Fires also occurred as early as 1 to 2 
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am in the dry forest. No fires were observed between 3 and 9 am in the morning as well as 16 to 
21 pm in the different ecological zones. Fires during the day are human caused fires through 
human activities (Ganteaume et al., 2013) and favourable weather conditions (Ullah et al., 
2013). Fires that occur at night and early mornings can be attributed to infrequent patrols in the 
forest during these times by forestry personnel, allowing people with bad intentions to enter the 
forest during these hours. These are the times vandalism and arson are expected as destroyers 
take advantage of operating in the dark (Asgary et al., 2010). Other studies have also observed 
increased fires during the day, especially in the afternoon and early evenings (Asgary et al., 
2010; Gajovic and Todorovic, 2013; Ganteaume et al., 2013; Ullah et al., 2013). Statistically, the 
number of hotspots differed according to the time of the day, hence a significant difference. 
 
Management Implications 
The results of the study inform forest managers about the spatial and temporal trend of fire in 
the different ecological zones which should also be considered in the wildfire management 
policy and the district fire management plan. Taking into account the spatial increase in fire 
across the years in the dry forest necessitates strict fire management plan to control unwanted 
fires in the forests. The study also provides evidence that fire should be expected every year in 
the dry, moist and savanna with significant increase in every three to four years in the savanna. 
Managers should be aware that most fires occur mainly in the dry season in the various 
ecological zones and that the monthly number of fires are determined by temperature. Although 
it appears the weather has influenced fire in the different ecological zones, humans have also 
contributed to the distribution, particularly in the savanna. The study encourages the fire crew, 
fire volunteer squads and the Ghana National Fire Service to be alert on Tuesdays, Sundays 
and Thursdays as most fires occur on those days, mostly from 10 am to 15 pm in the moist, dry 
and savanna. It is assumed that their readiness will help to reduce fire damages in the forests. It 
must be highlighted that without a careful look at these outcomes of the study, the country will 
continue to have increased problems in preventing, controlling and managing forest fires. 
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5.2 Drivers, direct and underlying causes and impacts of forest fires 
From the demographic data (Table 10), the study found a change in human population in 
communities around the affected forest reserves. The percentage increase in population change 
in Ahyiaemu and Rubi, around the moist forest was 66% and 205% respectively in the period  
2000 to 2010. The communities (Asuboi and Asempanaye) around the dry forest has 
respectively, shown a percentage increase in population change of 67% and 47% from 2000 to 
2010. The least increment in the change of population was seen around the evergreen forest 
(16% in Bomaa with 57% in Segyimase). Whereas in the savanna, rural population in 
communities (Kayoro and Nakong) were also found to have increased to 20% and 55% 
respectively from the period 2000 to 2010, despite a decrease in population from 1984 to 2000. 
Thus, increasing rural population has contributed to increased human activities in the forest 
leading to increased fires in the different ecological zones. Undoubtedly, the linkage between 
increasing human population and forest fires was explained. The growing change in population 
has ensued limited employment opportunities in the rural areas. The inadequacy of jobs has 
forced the local people to depend on the forest. The fire which is part of human and their 
application in many human livelihoods has modified the fire pattern in the different ecological 
zones. This has also influenced positively or negatively on the forest. The whole process implied 
that increasing human population has led to increased human livelihoods in the forest, primarily 
to support their basic needs. When there are alternative jobs in the rural areas, it will reduce 
human activities in or close to the forest, and thus, reduced fires. Many authors have also linked 
human population to fire occurrences (Bühler et al., 2013; de Torres Curth et al., 2012; Syphard 
et al., 2007).  
 
Nearly 30% of the people in the communities have never attended school while only 2% have 
higher education up to the university. From the demographic data, communities around the dry 
and savanna have more than 50% illiteracy rate. This affirms the increased fire occurrences in 
the two ecological zones despite several efforts to manage fire. Most of the local people in those 
communities cannot read and write and may not understand fully the consequences of setting 
the forest on fire or using fire in the forest for their benefits. This makes them ignorant as one 
respondent explained that there are wild animals (eg. tiger) in the forest coming into the 
community to catch their livestock, pushing them to burn the forest to drive away the wild 
animals. It was revealed that communities around the evergreen forest had less than 32% of 
people who are illiterates, which have played a significant role in the reduced fire distribution in 
the evergreen forest. It can be deduced that forests with higher fire occurrences had a higher 
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percentage of illiteracy rate of people in surrounding communities while forests with reduced 
fires had a lesser percentage of illiteracy rate of people in surrounding communities. The study 
therefore supports the suggestion that population with lower levels of education are related to 
more fires or population with higher levels of education with fewer fires (Butry et al., 2002; 
Bühler et al., 2013; de Torres Curth et al., 2012).  
 
More than 90% of the people in the communities fringing the forest reserves have no other job 
apart from agriculture, the most significant cause of forest fire in the tropics. They mainly 
depend on agriculture due to limited employment opportunities at the local level. The increased 
unemployment level at the local level has contributed to the increased fires in the different 
ecological zones as recognized in other studies (Bühler et al., 2013; de Torres Curth et al., 
2012; Martínez, et al., 2009). The unemployment rate has resulted in increased poverty at the 
local level. It was found out that only about 1% of the people have higher income while more 
than 80% had low incomes, forcing them to get their basic needs solely from the forest through 
their livelihoods. Butry et al. (2002) and de Torres Curth et al. (2012) found out that lower 
income and greater poverty are associated with fires. It was further emphasized that in Florida, 
arson and accidental fires tend to occur in lower income and more populated areas (Butry et al., 
2002). The study also showed that forest fires could be driven by either migrants or indigenous 
people in the area. In most cases, migrants are not familiar with the use of fire in a different 
environment leading to escaped fires (Applegate et al., 2001). Children were not primarily 
associated with the increased fire occurrences in the various ecological zones, as observed in 
other studies (Butry et al., 2002). Adults (89% of responses) were associated with the increased 
fires in the different ecological zones. Very few fires (3% of responses) were attributed to 
children. The results, therefore, contradict with other studies that concluded that increased fire 
occurrences is related to younger population (Bühler et al., 2013; de Torres Curth et al., 2012).  
 
The main driver of the fire in the different ecological zones was due to socioeconomic factors. 
According to Vilar et al. (2014), fire density is determined by socioeconomic factors within an 
area. As well, the impression of socioeconomic drivers on the change of fire patterns can also 
be seen in the trend of fire causes within a region (Ganteaume et al., 2013). Environmental, 
type of vegetation and cultural were other minor factors of fire drivers in the forests. The pattern 
of fire application from the socioeconomic context is influenced by the cultural background, 
traditional and religious settings (Schmerbeck and Hiremath, 2007). Likewise, the environmental 
conditions in an area determine the type of vegetation that exists. The four main drivers of fires 
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in the different ecological zones were influenced by several variables as indicated in the 
responses. The cultural driver which was the least considered had the most enormous identified 
variable influencing fires in the different ecological zones through human livelihoods. Variables 
assigned to socioeconomic drivers of fire included population change, education level, poverty 
and unemployment, as well as fire through migrants, indigenous people and urbanization. The 
environmental drivers of fire which are difficult to manipulate were based on rainfall, drought and 
temperature pertaining to an area.  The type of vegetation was seen as a significant driver of the 
fire through the geographical location of the forest, fuel and topography. Some of these findings 
corresponded to other studies on the major drivers of forest fires in other developed countries 
by Ganteaume et al., 2013 and Michetti and Pinar, 2013. Human livelihoods identified to have 
contributed to the fire included farming, hunting, charcoal production and palm wine tapping. As 
previously stated, in Ghana, forest fires are strictly linked with rural livelihoods (FORIG, 2003).  
 
In relation to this, humans were the direct cause of all fires in the different forest ecological 
zones in Ghana which conforms to the hypothesis. The results of the fire causes are consistent 
with recent studies carried out in other African countries such as Zimbabwe and Swaziland 
(Chinamatira et al., 2016; Manyatsi and Mbokazi, 2013; Nyamadzawo et al., 2013). Natural 
cause through lightening was not mentioned in the different study areas. Natural fire is crucial in 
the temperate and boreal regions, particularly in unpopulated areas (Bradshaw and Sykes, 
2014). Fires were mostly started through activity causes such as farming, hunting, smoking, on-
farm cooking, charcoal production, palm wine tapping and pasture production; followed by non-
activity causes like arson and carelessness or negligence. Other causes of fire through people 
were initiated by mad people, broken cars and unknown causes. Such categorization of forest 
fire causes was also considered by Agyemang et al. (2015). The primary causes of forest fires 
differed among the different ecological zones. Farming was the main cause of fires in the dry 
forest while hunting was a significant cause in the moist and evergreen forest. Escaped fires 
through smoking were the primary cause in the savanna. From the results, the causes of forest 
fires in Ghana can be particularly linked to cultural and socioeconomic conditions existing in the 
communities around the forest reserves. No cause related to environmental and condition of the 
forest were indicated. Fires through human activity can be related to the intentional setting of 
fire by people for their benefits that lead to forest fires. Despite the different causes of fires 
under the non-activity of human, they can be summarized under carelessness or negligences 
on the part of people that results in escaped fires. The other causes can also be described as 
accidental as they are minor, happen by chance and seldom in the different ecological zones. 
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The use of fire in farming is a common practice in all the areas in Ghana, especially in small-
scale farms. The fire is set to burn cleared weeds and debris. Respondents explained this 
activity is usually carried out before the onset of the raining season to allow farmers to plant 
their crops to meet the rains. This implies that the burning of debris is done in the dry season, 
accounting for the reason for increased fires in the dry season. This method of land preparation 
is mostly used because most farmers cannot afford a mechanical method of land preparation, 
as similarly observed in Zimbabwe (Nyamadzawo et al., 2013). During farming activities, 
farmers prepare food to eat to compensate the lost energy on farms. Some farmers intentionally 
do not put off the fire completely to again use it the next day while some farmers forget to 
extinguish it that results in forest fires. Causes of fires through on-farm cooking was relevant as 
it was mentioned in all the different ecological zones.  
 
Hunters using guns and fire have also caused forest fires. The method of hunting using guns 
and fire is employed by the rural people in the communities. The hunters explained that, when 
bullets are fired, there are particles inside that sparks when they come into contact with forest 
fuel, especially in the dry season. A study in the United States found out that rifle bullets can 
cause wildland ignition when conditions are favourable (Finney et al., 2013). Night hunters 
mostly use guns for hunting. Sometimes, fires are used to trap and smoke out animals from 
holes or hideouts. This type of hunting is locally referred to as “Kyenokyeno” by the local people 
in the communities. Hunters who operate in the night sometimes set fire to keep themselves 
warm. Also, preys hunted in the night are preserved from going bad by smoking them on fire. 
They forget to extinguish the fire that becomes large fires. From Figure 35, hunting was a 
significant cause of fire in the different ecological zones aside farming. In Chakari resettlement 
area of Zimbabwe, Chinamatira et al. (2016) also reported hunting and bee harvesting as the 
leading causes of wildland fire. In Zimbabwe, fire continues to be a hunting tool for people 
causing veld fires (Nyamadzawo et al., 2013). Likewise, in other countries like Swaziland 
especially in Northern Hhohho, poachers were seen as a cause of fire (Manyatsi and Mbokazi, 
2013). The burning of charcoal in the forest has contributed to fires in the different ecological 
zones, especially in the savanna. The production of charcoal is a lucrative job for most 
communities around the savanna. Firewood collectors pile up firewood and burn using the pit 
method. Sometimes, when the pit is not well prepared, air enters the pit resulting in a fire. Most 
of the times, the preparation and the packing are done in the forest as shown in Figure 36. 
Kilahama (2011) reported that in Tanzania, charcoal burning has resulted in forest degradation, 
particularly within the radius of 200 – 300 km around urban areas. Palm wine tapping has been 
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identified as a problem in the upland evergreen forest and dry forest. Appiah (2007) explained 
that during palm wine processing, fire is normally used to prevent the palm tree from rotting, 
ensuring a better taste and as well increasing the yield of wine in Ghana. Smoking was 
identified as a cause of fire in the four different ecological zones especially in the savanna. The 
cause of fire through smoking (cigarette butt) has existed for a long time and was also 
mentioned as fire cause in 1988 (Ampadu-Agyei, 1988). Dampha et al. (2001) also highlighted 
on some communities that were severely affected by fire caused by smokers in the Gambia. 
Manyatsi and Mbokazi (2013) observed fires caused by smokers, especially on forest 
plantations when burning cigarette butts were thrown on roads and footpaths. This relates to 
carelessness or negligence which was also indicated as a cause of forest fire in the study areas. 
Most people do not care about the environmental conditions before setting a fire. A similar study 
in Chakari has also identified negligence as a cause of fire (Chinamatira et al., 2016).  
 
Arson was seen as a major problem only in the savanna. Respondents explained that some 
people express their anger and disappointment by burning the forest when they do not get any 
food or prey. Some people who have grudges with forest guards in charge of the area also set 
the forest on fire. They cause those problems for forest guards to be changed or sacked. Non-
payment of salaries or lower wages of plantation employees has also led to cases of arson in 
Zimbabwe (Nyamadzawo et al., 2013). In some areas, arson has increased due to land tenure 
conflict between communities and plantation companies (Applegate et al., 2001). It has also 
been found out that poverty has contributed to arson as sometimes, farmers without livestock 
intentionally set fire to fix owners of livestock (Chinamatira et al., 2016). Ganteaume and Jappiot 
(2013) and Manyatsi and Mbokazi (2013) also reported arson as a cause of fire in their study 
area. Some causes of fire in the different ecological zones were unknown. However, 
respondents explained that they are all human cause just that the person who started the fire or 
how the fire started was not known. Nearly 30% and 44% of unknown cause of larger and 
smaller fires were reported in Southern France respectively (Ganteaume and Jappiot, 2013). A 
report by Dimitriou et al. (2001) observed that Mediterranean countries with less percentage of 
unknown causes have a greater percentage of arson and vice versa. Similarly, the savanna had 
a higher percentage of fire attributed to arson and less percentage of unknown causes. Mentally 
challenged people were cited to have caused fires in the dry forest. Respondents in the 
communities around Afram Headwaters recalled fires started by these people. Causes of fire as 
a result of broken car was mentioned in some communities around the dry forest. There is a 
highway (Kumasi - Techiman road) that passes through the dry forest. The villagers explained 
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that in the case of a broken car, the passengers get out the car, set fire to lighten up the place 
while keeping themselves warm especially at night. After fixing the car, the passengers hurriedly 
get in the car, forgetting to put off the fire resulting in a forest fire. Some respondents repeatedly 
talked about how the dry forest has been affected by fire as a result of broken car. Manyatsi and 
Mbokazi (2013) also reported about warming fire as a cause of fire. Some fires in the savanna 
were believed to have been started by migrants, Fulani herdsmen living in the communities. The 
senior officers of the Forest Services Division of the Forestry Commission of Ghana in 
Navrongo explained that nearly every household in the communities has livestock with a large 
population of the livestock herded by Fulani herdsmen. The herdsmen burn the grass during the 
dry season to nourish the grass for their livestock. These activities are sometimes done in the 
forest contributing to forest fires. The use of fire to trigger grass growth for livestock is also 
practiced in other African countries as mentioned in some studies (Dampha et al., 2001; 
Nyamadzawo et al., 2013). Other causes of fire in the tropics have been through crop protection 
and pest control, wild honey collection, burning around homestead, fishing activities and 
abandoned campfire (Applegate et al., 2001; Chinamatira et al., 2016; Dampha et al., 2001; 
Manyatsi and Mbokazi, 2013). Another report suggested that some people set fire to amuse 
themselves, for instance, in some tribes in Tanzania, one is bound to live long when the person 
sets fire and the fire ends up gutting and spreading (Kilahama, 2011). According to Ampadu-
Agyei (1988), the causes of forest fires can be considered as the culture of burning as it is part 
of Ghana’s traditional livelihoods, religious and ceremonial practice and a traditional way of life, 
specifically in the rural areas.  
 
From Table 12, the causes of fire change with time in the same ecological zone. A comparison 
of previous study (Agyemang, 2012; Agyemang et al., 2015) and the current study revealed 
changes in fire causes in the moist and dry forest. The comparison revealed that arson and 
honey collection are currently not a cause of fire in both moist and dry forest. Palm wine tapping 
and other unknown causes of fire which previously caused fires were also missing in the moist 
and dry forest respectively. The leaders of the communities explained that any person who sets 
an uncontrolled fire in the forest is unveiled through investigation preventing people from 
maliciously setting fire. On the one hand, palm wine tapping and honey collection activities have 
reduced and are currently not seen as profitable jobs in the communities studied. They also 
emphasized on the difficulty to come by wild honey in the forest nowadays, as the forest is 
disturbed. However, some of the causes of fire remained with additional ones in the two 
ecological zones. It has also been realized that nowadays in Gambia, the number of fires 
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attributable to hunting has reduced because the majority of the animals have already 
disappeared (Dampha et al., 2001). It can, therefore, be inferred from the study that human-
caused fires change over time with changes in human activities. The causes of fire in the 
different ecological zones were determined mostly by setting and forgetting the fire after use, 
which is mostly associated with the human livelihood. For example, after using fire to smoke out 
animals from their holes, the hunters chase the animals with cutlasses and sticks forgetting 
about the fire which may get out of control. There were instances where respondents explained 
that the fire resurrected after quenching it resulting in a large fire. When fires are not properly 
extinguished, favourable conditions, including strong winds can trigger the flame, moving fire 
from one place to another resulting in a fire spread. Hence, environmental factors also influence 
fire occurrences, causing the fire to get out of hand sometimes. Currently, the absence and 
reduced activities of fire volunteers in the communities around the forest reserves in the 
different ecological zones have contributed to the increased fire incidences. The volunteers are 
not motivated while some have migrated and the majority of them aged.  
 
The underlying causes of forest fires were noted to be inappropriate land use, change in 
demography and the use of the forest, inadequate management of the forest, weak compliance 
and enforcement of forest laws, lack of collaboration between stakeholders in fire management 
and change in climate. Some of these underlying causes were also revealed in the South-east 
Asia in a study on the underlying causes and impacts of fires (Applegate et al., 2001). 
Inadequate management of the forest was the main underlying causes of fire in the different 
ecological zones. This has been subjected to reduced capacity of forestry staff and sudden 
decline in activities of fire volunteers which have contributed to fires in the forest reserves. On 
the part of the foresters, excessive logging of the trees has opened up the forest, making the 
forest more susceptible to fires. Forest guards whom are suppose to live close to the forest 
reserve, prefer to live in bigger communities away from the forest. Fire is then used everyday in 
the forest as fire volunteers who also deter people from taking fire to the forest are not 
motivated. Additionally, equipment needed to suppress forest fires have not been provided. 
Fires are able to spread in the forest due to lack of fire belt in some forest reserves. Fire has 
been allowed in Taungya plantations during land preparation for afforestation. It seems that 
afforestation policies have contributed to fire as farmers engaged in the afforestation and 
plantation have no cheaper alternative means of preparing land apart from the use of fire. Weak 
compliance of forest laws has been an underlying cause of the fire. Laws promulgated to 
prevent setting of fires in the forest have been overlooked and people are not afraid of 
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indiscriminately starting fires in the forest. Fines and penalties are not deterrent enough and are 
sometimes also not enforced. The close season for hunting during certain period of the year in 
forest reserves, which is normally in the dry season is mostly not complied with. Hunters in the 
communities are operating throughout the year. Fire and guns are either used as a hunting tool, 
which has also been significantly noted as a cause of fire in the forest. Change in demographic 
characteristics and the use of the forest, especially the increase in population with increase 
scarcity of agricultural land have forced people to illegally enter the forest to farm. Farming 
inside the forest will mean that fire will be used as a tool for preparing the land which contributes 
to forest fires. The case here can also be attributed to land tenure. Most of the local people and 
migrants who have moved from other areas to the farming areas do not own land. Most lands at 
the local level are vested in the hands of the local chiefs. Individuals who also have more lands 
prefer hiring them out, which is expensive or in other cases the landowner prefers sharing the 
farm produce with the land renter depending on the contract. The intention of setting the forest 
on fire to destroy the forest for the area to be given out for afforestation is mostly the way out. 
For them to stay on the land longer, the farmers show unwillingness in planting or caring for 
seedlings of economically viable trees supplied to them, focusing only on their annual crops 
interplant in the early stages of the plantation development. The result is forest destruction 
which eventually leads to degradation.  
 
Due to lack of collaboration between stakeholders in fire management, activities of fire 
management has grown worse in the different ecological zones. From the study areas, it was 
perceived there is a communication gap between the local people in the communities, 
especially the fire volunteer and the other stakeholders (such as the Forestry Commission and 
Ghana National Fire Service) in charge of fire management. Funds are therefore seen as the 
problem associated with this at the district forest level. The allocation of land for farming in the 
forest reserves and the conversion of off-reserve lands to agricultural lands has resulted in fire. 
Therefore, continuous clearing of the forest boundary to delineate the forest area, pillaring and 
strict policies are necessary for regulating appropriate land use. The change in climate as a 
result of increase temperature, especially during the dry season has contributed to the fire. The 
fuel in the forest easily gets dry facilitating the spread of fire when caught on fire.  
 
The causes of fire in the different ecological zones have both positive and negative impacts 
while some of the impacts mentioned were specific to a particular ecological zone (Table 14). 
The only positive impact was regeneration or the germination of fire-dependent plants in the 
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forest which were highlighted by few educated respondents. Fire has also contributed to the 
germination of soil seed bank of certain forest communities (eg. Penman et al., 2008). The 
negative impacts were damage to farm crops and harvested agricultural products. Respondents 
emphasized that the situation makes them poor and one of the main reasons why there is 
hunger in rural communities. The highlighted overall impact is increased food insecurity among 
households in communities (Nyamadzawo et al., 2013). The study revealed loss or reduction in 
certain livelihood (eg. livestock rearing). In communities around the savanna, animal rearing 
was common. Most of the farmers had animals such as sheep, goats, cows, donkeys, guinea 
fowls and chicken aside crop cultivation. They explained that most of the livestock loses weight 
and die due to inadequate fodder in the dry season and fires in the savanna. During the dry 
season, the dry matter for livestock are deficient in protein, vitamins and minerals and the 
inadequacy of feed negatively affects the productive and reproductive performance of grazing 
livestock (Oppong-Anane, 2006). As a result of fire in the savanna, owners or caretakers of the 
livestock (Fulani herdsmen) have to go far in search of fodder for their animals. In many 
instances, farmers were forced to sell some of the animals at lower prices due to weight loss 
and fear of losing them as a result of inadequate fodder to feed the animals. All these problems 
have also led to reduced income for farmers as a result of poor meat quality, low selling prices 
and low milk production of livestock (Nyamadzawo et al., 2013).  
 
The study also revealed financial losses due to the cost of suppression of about more or less 
USD 500 per fire outbreak, depending on the size of the fire in a forest district. Thus, the total 
suppression cost of fire in a forest district varies over the year, according to the size and number 
of forest fires. Suppression cost will be high with increased number of fires and low with reduced 
number of fires. Sometimes, several homes and properties were destroyed by fire. Respondents 
explained that after such destruction, farmers are faced with difficulties in cultivating land during 
the next farming season. The little savings available have been used to manage and repair 
things after the fire, affecting their productivity. A similar situation of shelter loss through fire in 
Zimbabwe has left several families traumatized, in grief, sleeping in the open without food, 
proper water and sanitation which may lead to stress (Nyamadzawo et al., 2013). Other 
economic impacts were the loss of trees (timber), medicinal plants and non-timber forest 
products (NTFPs) in the forest. Timber that can be sold to local and international market were 
destroyed by fire in the forest reserves. Apart from the economic implications, an explanation 
was given that the destruction of trees opens up the forest with the remains of the uncompleted 
burned trunks on forest floor destroying other young plants. Villagers who collect medicinal 
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plants and other NTFPs (snails, mushrooms, shea nuts, chewing sticks) emphasized on the 
seasonal nature of these products that support them financially. The season for some of the 
NTFPs coincides with the fire season, preventing them from showing up affecting them 
financially as well as the diversity of the forest. For example, a mushroom collector in 
Asempanaye complained about lots of mushrooms that were burned by fire in the forest years 
ago. Several non-timber forest products including medicinal plants which were readily available 
in the past are presently scarce due to repeated fires in the forest, affecting the income level of 
farmers (FORIG, 2003).  
 
Wild animals were also lost to fires. Some farmers mentioned that when those dead animals are 
not collected renders unpleasant smell in the forest and the community. One forest guard 
working in the savanna explained that the destruction of habitat and escape from the fire by 
animals, especially monkeys results in infants losing their mother, making it easier for hunters to 
catch them for sale. It was disclosed that fires have resulted in drying up of water bodies in the 
forest. They further indicated that in the past, all rivers in the forest were flowing all the time 
which is not seen today. As a result of the fire, there are current changes in rainfall pattern, 
contributing to climate change and reduced soil fertility. Famers said they could no longer 
predict rain for cultivation. In these days, the rains either come earlier or delayed with extended 
drought, which has also influenced the type of crops planted by farmers. Fires have driven 
changes in farming system, particularly a shift from the growth of cash crops or perennials 
(cocoa) to annuals (maize and cassava) in the dry and moist semi-deciduous zones (Amissah et 
al., 2011; FORIG, 2003). Also, it was pointed out that the forest soil is affected, as 
microorganisms and nutrients are destroyed by repeated fires, making the soil infertile for 
reforestation or agriculture. Fire pollutes the air as remarked by some respondents in the 
communities. The smoke from wildfires causes health hazards and makes aerial communication 
difficult (Appiah, 2007). Furthermore, smoke from fires has also led to the closure of airports, 
induced traffic accidents and destroyed electrical transmission lines in the Amazonia (Nepstad 
et al., 2001). The most significant effect is the diverse health problems that show up after fire 
outbreaks. 
 
Management implications 
The study proves that socioeconomic is the main driving factor of fires in the various ecological 
zones. It must be noted that there are several influencing variables highlighted by the study, 
which has to be considered in developing local fire management plan. The study has also 
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brought out the causes of fire through human which is necessary for fire prevention. Due to the 
high occurrences of fire through human, FORIG (2003) has given a hint that fire will continue to 
exist in the landscape for a long time owing to its connection with rural livelihoods. It also seems 
that the people are knowledgeable about the situation as the drivers, causes and impacts of fire 
were mentioned by respondents in the communities surrounding the affected forest reserves. 
The root of the problem lies with the underlying causes of forest fires. Therefore, the study 
highlights that the forest managers should focus on addressing the underlying causes of forest 
fires which will trickle down to ensure effective fire management. 
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5.3 Fuel dynamics and behaviour of fire in the different ecological zones 
From the different ecological zones, it was revealed that the evergreen forest had the highest 
estimated fuel load of downed woody debris with the least in the savanna. The highest and least 
estimated fuel load in the evergreen forest and savanna respectively could be explained by the 
number of fire in the forest reserves. The continuous fire incidences in the savanna have 
reduced the fuel load through repeated burns while the rare fire in the evergreen forest has 
resulted in the accumulation of fuel load. Fuel accumulates in the forest because of infrequent 
fires and as a consequence of the accumulation, when fires occur in such forest, they are often 
intense (Torrence and Woodrow, 1983). Bracmort (2013) also mentioned that the total fuel 
accumulation leads to both fire intensity and damage in the forest. There is the need to reduce 
the accumulated fuel in the evergreen forest through prescribed fires to avoid intense fires in 
case of ignition. On the other hand, the increased fuel load in the dry forest might be influencing 
the frequent fires in the ecosystem. In all burned areas in the different ecological zones, the 
estimated fuel load of the 1-hr fuel size class was low compared to the unburned areas. This is 
understandable as the fine and small fuels are largely consumed in a wildfire (Bracmort, 2013).  
 
Based on the result of this study, the 1000-hr (sound and rotten) fuel size class was greater in 
the rest of the ecological zones than the savanna. This can be related to the vegetation type 
and composition of the forests (Figure 14). The savanna was dominated by grass and shrubs 
while the others were mostly made up of tall trees (timber). The nature of the rest of the 
ecological zones is such that trees increasingly shed branches, twigs and leaves on the forest 
floor during the dry season. Due to the already existing harsh environmental conditions (eg. 
reduced rainfall and increased temperatures) in the savanna, trees are adaptable in the dry 
season despite most trees are also deciduous.  In addition, there has also been increased 
activities of logging in the past in these forests which have also contributed to the different fuel 
sizes on the forest floor compared to the savanna. In tandem with He et al. (2004) found out that 
surface fuels (fine and coarse fuel) are derived from vegetation types, species age, stand age 
and disturbance history. Kyereh et al. (2006) also assigned site variation in fuel loadings and 
fuel size distribution to logging and repeated fires in the forest. It appeared that fine fuel (1-100-
hr) were greater than coarse fuel (1000-hr sound and rotten) in some of the areas in the 
different ecological zones. It indicates that areas with more fine fuel will easily ignite, burn and 
spread quickly while areas with greater coarse fuel will burn with higher intensity (Schottke, 
2014). It was also observed that the 1000-hr fuel size (sound) was higher in all burned areas 
apart from the moist forest while 1000-hr fuel size (rotten) were common in the unburned areas 
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of dry and evergreen forests. However, both 1000-hr sound and rotten was absent in the 
unburned area of the savanna. The presence of 1000-hr sound in the burned areas was 
resulting from uncompleted burned trunks and bigger branches that were left after the fire 
disturbance. The toppling of the weaker trees after fire disturbances has also contributed to the 
increased 1000-hr sound in the burned areas. The absence of both 1000-hr sound and rotten in 
the unburned area of the savanna may be because of the growing demand for firewood where 
all such fuel sizes might have been collected from the unburned areas. With areas that have not 
experienced fires, it is anticipated that coarse rotten fuel will significantly be greater in those 
areas. In forest plantations, the sound and rotten downed woody material have been associated 
with stand age where the sound occurred mostly in a younger stand and the rotten in an older 
stand (Nuruddin and Pangalin, 2007). From the results, the estimated total fuel load of downed 
woody debris in the evergreen forest (228 and 208.4 t ha-1) and dry forest (216.4 and 111.8 t ha-
1) was higher in the burned area than the unburned area. The amount of fuel loading in the 
burned and unburned area in the evergreen forest were quite similar due to infrequent fires. The 
burned area in the evergreen forest was said to have experienced low fire three (3) years ago 
where the area has almost recovered from the fire, hence no difference between the sites. 
 
Kyereh et al. (2006) observed increased fuel loading in heavily degraded forest sites. Typically, 
the dry forest was degraded compared to the moist and evergreen forest. Kyereh et al. (2006) 
further explained that after fire incidence, there is rapid colonization and build-up by small 
woody pioneers that results in heavy phytomass accumulation on the ground, resulting in an 
overall heavier fuel load in a fire-damaged forest. This can also be attributed to the increased 
fuel loading in the burned area than the unburned area of the dry and evergreen forest. 
Conversely, the estimated total fuel load of downed woody debris in burned area was lesser 
than the unburned area for moist (40.7 and 43.4 t ha-1) and savanna (22.4 and 23.9 t ha-1) 
respectively. Kodandapani et al. (2008) also reported different total fuel load of downed woody 
debris in different ecological forests and found a greater fuel load in unburned areas than 
burned areas in the tropical moist deciduous forest of the Western Ghats, India. The results of 
this study in the moist forest under burned and unburned area are comparable to the outcome 
of Kodandapani et al. (2008) as shown in Table 22.  
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Table 22: A summary of fuel load in burned and unburned areas in the tropical moist 
forest compared between this study and another study. 
Fuel load 
 
Ecological zones 
Moist semi-deciduous forest  Moist deciduous forest 
Burned (t ha-1) Unburned  
(t ha-1) 
Burned (Mg ha-1) Unburned  
(Mg ha-1) 
1-hr 5.0 8.8 3.0 2.9 
10-hr 7.6 3.1 2.0 2.2 
100-hr 14.3 3.3 12.0 2.2 
1000-hr (sound) 
 
7.9 26.0  
29.6 
 
47.0 
1000-hr (rotten) 
 
5.9 2.2 
Total 40.7 43.4 46.5 54.3 
Country Ghana India 
Source This study (Kodandapani et al., 2008) 
 
Equally, the estimated fuel load of woody debris in the burned and unburned area of this study 
in the moist was slightly higher than the total estimate in the moist forest of Puerto Rico 
(González and Luce, 2013). The total density of fuel load of fine and coarse in tons dry matter 
per km2 in mixed deciduous and deciduous dipterocarp forest in Thailand (Junpen et al. 2011) 
was estimated at 365 and 371 respectively. TDA (2002) also explained that fuel loadings vary 
greatly through the fuel groups, for instance, grass fuel type can vary from less than 1-5 
tons/acre (t/ac), shrub fuel type from 2-80 t/ac, logging slash from 10-200 t/ac and timber litter of 
4-12 t/ac. However, they mentioned that the estimated total fuel loading on a particular site can 
be much more than those presented figures. The measured litter and duff depth differed 
between the different ecological zones. It was also found out that, the bulk densities of litter and 
duff were different in the different ecological zones with the highest in the moist forest and the 
least in the dry forest. Ewell (2006) and Ottmar and Andreu (2007) also reported similar trends 
of different depth and bulk densities of litter and duff among different vegetation series and 
forest types. The results also proved that there was substantial litter and duff bulk densities in 
the unburned area than the burned area. Some studies also separated litter from duff where the 
amount of litter was found to be greater than duff (eg. González and Luce, 2013). The litter and 
duff loadings differed among burned and unburned area in the different ecological zones with 
130 
the significant increase in the moist forest. The estimated loadings of litter and duff in the burned 
area were lower than the unburned area of the different ecological zones while relating to 
estimated litter and duff bulk densities. Ewell (2006) explained the similar trend of litter loadings 
and bulk densities to the use of the same litter weights for estimation. The study found no 
correlation between bulk densities and depth as well as dry mass. Fire influences the growth of 
herbaceous plants as burned areas showed the greatest amount of herbaceous plants than the 
unburned areas in the different ecological zones except in the evergreen forest. The estimated 
quantity of herbs showed in the burned and unburned area in the dry, moist and savanna was 
almost similar. Jhariya et al. (2012) also reported a similar trend of greater and lowest number 
of herbaceous species in the medium fire zone and non-fire zone respectively. They further 
attributed the reduced herbaceous density in the non-fire zone to competition for moisture, 
nutrients, light and space. Conversely, in the evergreen forest, fire is not able to induce but 
rather reduces herbaceous plants in burned areas due to the fragility of the forest ecosystem. 
 
Due to measurements that differed and the different parameters measured (Table 9) in the 
different ecological zones, which were used in the fire prediction model (BehavePlus) predicted 
different fire behaviour in the different ecological zones as already hypothesized. Apart from the 
savanna, the study found out that dead fuel moisture of 25% to live fuel moisture of 30% will 
lead to no fires. The results are also consistent with the opinion of Nuruddin and Pangalin 
(2007), who mentioned that fuel with moisture content of 100 to 125% is not conducive for 
serious hazards but fuel with moisture content less than 65% can increase the risk of fire. It can 
be explained that at increased fuel moisture of dead and live fuels, more heat will be required to 
start fires which will be difficult to generate which leads to no ignition. During such conditions, 
temperatures to support fires are also very low. In the moist, dry and evergreen forest, fire relied 
on both dead and live fuels for ignition. Among those two fuel components, the dead fuel is very 
important because they carry the fire and heat the live fuel to ignite (TDA, 2002). It was also 
realized that in the savanna, the start of fire depended mostly on the dead fuel and at a 
maximum moisture of 25%, fires are not likely to occur. Comparing the different ecological 
zones, the BehavePlus predicted fire behaviour to be much faster regarding the surface rate of 
spread, higher flame length with greater fireline intensity in the savanna than the rest of the 
ecological zones, as similarly stated by Hoffmann et al. (2012). The increase in flame length in 
the savanna can be associated with the height of the grass at a maximum of about 2.5 m. 
Loosely compacted fuels such as grasses and the vertical orientation of such fuels will burn 
faster than those fuels closely compacted and lying horizontal (TDA, 2002; Trollope et al., 
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2004). This interprets that, in forests with no grasses, tree leaf litter forms a compacted fuel bed 
which does not promote intense, rapid fires (Hoffmann et al., 2012). However, the heat per unit 
area and reaction intensity were low in the savanna compared to the rest of the ecological 
zones. Correspondingly, lower heat per unit area of grass fires was also reported by Trollope et 
al. (2004). Therefore, the severity as well its impacts will not be greater in the savanna 
compared to the other ecological zones in case of fire. The study revealed a fire intensity range 
of 0-290 kW/m with 0-0.8 m/min rate of spread in the dry forest using BehavePlus. Dwomoh 
(2009) reported a fireline intensity range of 0-2103 kW/m with an average of 95 kW/m and rate 
of spread 0.4 m/min using standard fuel model as well as 0-2911 kW/m fireline intensity, 
averaging 148 kW/m with rate of spread 0.5 m/min using custom fuel model in the same forest 
reserve based on FARSITE of the 2007 fire. From the results of this study, the estimated fireline 
intensity range was considerably lower than the study of Dwomoh (2009), which suggest the 
differences in the data used. This study used field data for the simulation while Dwomoh (2009) 
used generalized parameters and available data in the tropics that was closely related to the 
conditions of the forest reserve. Other differences can also be based on the different site 
characteristics, the different year and season of the studies, the various fuel models and 
parameters and the different types of fire simulation model used for the fire behaviour analysis. 
However, the estimated average range of fireline intensity and the rate of spread of Dwomoh 
(2009) falls within the predicted range of this study.  
 
The fire prediction model provided a fire characteristics chart that can be made clear that in 
most cases, fire in the moist, dry and evergreen forest can be managed by human and hand 
tools, but not in extreme cases. This outcome may correspond to the increased use of hand 
tools such as machetes, gallons of water, pick axes and mattocks, backpack water pumps used 
by local people for fire suppression in similar forest areas in Ghana (Agyemang, 2012; 
Agyemang et al., 2015; Appiah et al., 2010). Conversely, in most cases, fire in the savanna 
cannot be handled using hand tools, but advanced equipment such as aircraft as seen in the fire 
characteristics chart. Normally, the use of advanced equipment for forest fire suppression is 
very expensive, while some are not used in most developing countries like Ghana. A detailed 
interpretation of fire characteristics chart for both surface and crown fire behaviour can be found 
in Andrews et al. (2011).  
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Management implication 
The study provides estimates of fuel loads in the different forest reserves in the various 
ecological zones which is necessary for effective fire management. These results provide a 
requisite for understanding fire behaviour in the different ecological zones. The study used 
measured parameters which can be collected and compared to determine the behaviour of fire 
in different forest districts in Ghana. The study suggests the use of advanced equipment in 
suppressing fire in the savanna for effective fire management while effective hand tools can be 
used in the other areas. But, it must be noted that efforts should be put in using modern 
advanced equipment in handling fire in all the different ecological zones to reduce losses. The 
resources for studying fire behaviour in the forests in Ghana is very limited, therefore, this study 
act as the basis for continuation. 
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5.4 Effects of fire on forest carbon in the different ecological zones 
The total number of trees varied between 83 trees in burned areas to 200 trees in unburned 
areas in the different ecological zones. The number of trees recorded in the burned area was 
lower, relative to the unburned area in the different ecological zones. Jhariya et al. (2012) also 
recorded maximum tree density in non-fire zone due to previous repeated frequency and high 
fire intensity disturbances that declined the number of tree species in fire affected areas. 
Kodandapani et al. (2008) also recorded a greater number of tree species in the unburned area 
regarding forest structure and composition between fire classes in the tropical moist deciduous 
forest in the Western Ghats, India. The greater number of trees recorded in the unburned area 
of the savanna relative to the other ecological zones were due to the fact that most of the trees 
were forked below or low branched. In such cases, each stem was measured and counted 
individually, resulting in the increased number of stems in the savanna in the unburned area. 
The study revealed an increased number of trees in small diameter size class (10-29 cm dbh) 
and fewer trees with the maximum diameter size class (> 50 cm dbh). This outcome was found 
not only in the ecological zones studied, but a similar trend has also been observed and 
recorded in other tropical forests (Ekoungoulou et al., 2014; Liu et al., 2014; Stas, 2014; 
Terakunpisut et al., 2007). This type of structure is common in uneven-age mixed forest and old 
growth forest in an equilibrium state (Stas, 2014). All the same, a maximum number of tree 
heights fell under < 10 m in all the ecological zones. Boakye et al. (2016) also reported the 
maximum number of trees between the height of 5 and 10 m in his study while comparing the 
woody composition of farmlands and protected area. Comparing tree diameter and heights in all 
the ecological zones showed a significant relationship, suggesting that trees with bigger dbh 
had greater heights as also observed in the secondary forest by Stas (2014).  
 
Brown (2002) emphasized that accurate and precise measuring of forest carbon is gaining 
global attention as countries seek to abide by the agreements under the United Nations 
Framework Convention on Climate Change (UNFCCC). The result of the study further showed 
that the aboveground biomass differed among the different ecological zones with the highest in 
the moist, followed by the evergreen, dry and savanna combining burned and unburned areas. 
This is expected, as all trees measured in the savanna had smaller diameter size mostly around 
< 10 cm and 10-29 cm. It was also revealed that greater aboveground biomass corresponded 
with bigger sized trees (Table 19) in the four ecological zones. In other tropical regions, several 
studies have also noted this relationship (Stas, 2014; Terakunpisut et al., 2007). The result of 
aboveground biomass in the dry forest under the burned (112.4 t  ha-1) and unburned area 
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(394.4 t ha-1) is comparable with the estimated range of aboveground biomass  
(107.8-349.6 Mg ha-1) with an average density of (206.5 ± 52 Mg ha-1) in the same forest 
reserve (Dwomoh, 2009). Also, the mean aboveground biomass in the moist forest (95.1 t ha-1 
and 604.9 t ha-1) under burned and unburned area respectively, of this study is nearly the same 
amount of biomass found in a primary forest (349.9 Mg ha-1) (Stas, 2014). After multiplying the 
aboveground biomass by 0.5 depicted the highest estimated aboveground carbon stock in the 
moist (47.6 and 302.4 t C ha-1) and the least in the savanna (2.9 and 9.7 t C ha-1) following a 
similar trend of the aboveground biomass. The moist tropical forests have been noted for their 
high carbon content (Gorte, 2009). Terakunpisut et al. (2007) attributed the high amount of 
carbon within an area to large sized trees measured. Most trees recorded in the moist forest 
had the diameter around 10-29 cm and 30-50 cm dbh accounting for the highest carbon in the 
area. The amount of aboveground carbon in the savanna under burned and the unburned area 
in this study matches with studies which ranged from less than 2 t C ha-1 to more than  
30 t C ha-1 for tropical grasslands and woodland savannas respectively (Trumper et al., 2009). 
Also, the estimated aboveground carbon in the dry forest (56.2 and 197.2 t C ha-1) under burned 
and unburned area respectively can also be compared to Dwomoh (2009) who estimated 
carbon stock within the natural forest in the same forest reserve at 174.8 ± 36 Mg ha-1. Despite 
the dry forest was second to the savanna regarding the number of trees recorded, most of the 
trees had smaller diameter. The condition of the dry forest is also justifiable on the spatial and 
temporal distribution of fire, the presence of humans, forest roads and the different land use 
within the forest reserve.  
 
Overall, the aboveground carbon stock in burned areas was low. The outcome may be related 
to the lower count of trees recorded in burned areas compared to unburned areas. Other 
consequences may be the effect of fire in those areas. The mean aboveground carbon stock in 
moist (175 t C ha-1), evergreen (129.9 t C ha-1), dry (126.7 t C ha-1) and savanna (6.3 t C ha-1) 
relates considerably with other studies. Ekoungoulou et al. (2014) found an average 
aboveground carbon stock of 170.7 t C ha-1 in the tropical forest of Congo which is slightly lower, 
but comparable to the mean aboveground carbon stock in the moist forest (175 t C ha-1). The 
ability of the moist forest to accumulate carbon is 1.3 times higher than the evergreen forest, 
nearly 1.4 times higher than the dry forest and 27.8 times greater than the savanna. This is 
rationally so, taking into account the diameter of trees measured and not the number of trees 
recorded under burned and the unburned area in the different ecological zones. It is noted that 
the condition of a plot does not influence the amount of carbon stock, but rather the nature of 
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the species of the plot (Ekoungoulou et al., 2014). This study found a relation between 
aboveground carbon stock and the diameter of the trees. Thus, bigger trees accumulated more 
carbon in the different ecological zones, just as the aboveground biomass. Estimating the 
aboveground non-tree biomass and carbon again showed the highest in the moist forest and the 
least in the savanna which also conforms to the pattern of the aboveground biomass and 
carbon stock. This study found mean aboveground non-tree biomass to be 9.02 t C ha-1 in the 
moist and 3.56 t C ha-1 in the savanna. Despite the different countries and ecological zones, 
Fonseca et al., (2011) reported the amount of carbon in herbaceous biomass at 0.9 and  
1.1 Mg ha-1 for two different single species which later increased with age to 78.7 and  
97.3 Mg ha-1. Thus, it is assumed that the herbaceous plants and seedling will accumulate more 
carbon as they grow in the different ecological zones. Similar to the result of this study, 
differences in aboveground herb carbon among vegetation types have been reported in 
Guangdong, China ranging from 5.9 to 12.8 Mg·ha-1 (Chen et al., 2015). The differences in the 
aboveground non-tree in the different ecological zones may depend on the different non-tree 
fuel present on the forest floor. The aboveground non-tree carbon in the unburned area was 
significantly higher than the burned area except the moist forest. It seems that the unburned 
area in the different ecological zones has accrued more non-tree fuel as a result of no 
disturbances in these areas. Furthermore, the result of the belowground root biomass and 
carbon followed a similar trend of the aboveground tree biomass and carbon among the 
different ecological zones. The bigger the tree, the more and denser the roots to absorb carbon. 
The mean amount of belowground carbon found in the moist (29.75 t C ha-1), dry  
(22.69 t C ha-1), and evergreen (23.55 t C ha-1) based on burned and unburned area, come 
close the average estimated belowground carbon of Congo (39.6 t C ha-1) (Liu et al., 2014).  
 
Comparing the aboveground tree carbon to belowground root carbon, the highest amount of 
carbon was found in the aboveground tree. The result of this study accord with studies that 
found largest carbon in aboveground tree biomass (Gibbs et al., 2007; Liu et al., 2014; Sierra et 
al., 2012). The results of the study indicated that carbon measured among the different pools 
differed between the different ecological zones under the burned and unburned area. Putting 
the different pools together showed a greater amount of carbon in the aboveground tree carbon, 
followed by belowground root and the least in the aboveground non-tree carbon in the moist, dry 
and evergreen forest except the savanna. Sierra et al. (2012) also observed something similar, 
emphasizing on the small amount of carbon contribution of herbaceous vegetation. The 
aboveground non-tree carbon interchanged with the belowground carbon in the case of the 
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savanna. In spite of these observations, the aboveground tree carbon remains relatively high. 
Given that trees accumulate much carbon in the stem than any other part, the bigger the trees, 
the thicker the roots to absorb. As trees measured in the savanna were much smaller, the 
accumulation of carbon in the roots can be affected. It is also reasonable that the aboveground 
non-tree will contribute to carbon accumulation in the savanna as grass (non-tree component) 
mainly forms part of the savanna vegetation. On the one hand, the aboveground biomass of 
palm and herbaceous vegetation (aboveground non-tree) can be excluded from estimations of 
total carbon accumulation considering their small contributions, difficulties and cost of 
measuring them in the field (Sierra et al., 2012). However, this will depend on the ecological 
zone as the study suggests that as significant for the savanna.  
 
From the calculation of carbon emitted by fire using the unburned area (gain) as a control for the 
burned area (remained loss), the study found out that just as the forest accumulates carbon, 
whether low or high, the same amount will be emitted in the case of fire. For example, the 
amount of total carbon in the moist forest was found to be the highest with the highest emission 
of carbon compared to the other ecological zones. However, the evergreen forest had a 
significant amount of carbon but emission was found to be less. Given the infrequent and low-
intensity fires in the evergreen forest, the difference in carbon accumulation between the 
unburned and burned area in the evergreen forest was not huge resulting in lesser emissions. It 
has been established that preventing fire will cut emissions by more than 80% (294 t C ha-1) in 
the moist forest, about 70% (164 t C ha-1) in the dry forest, 36% (70 t C ha-1) in the evergreen 
forest and more than 60% (10 t C ha-1) in the savanna. Tishkov (2010) reported that forest in the 
boreal belt of northern Eurasia can emit more than 100 to 150 t C ha-1 to the atmosphere during 
and after crown fires. It is, however, understandable that the amount of carbon emitted would 
depend on the amount of fuel especially trees burned by fire. 
 
Management implication 
The results show the estimated carbon stock and losses in the forest which are necessary for 
mitigating climate change. The country is losing the forest and contributing to carbon loss 
through fire, which alarms forest managers to undertake reforestation in all degraded areas in 
the forest reserves. This will help the forest to absorb more carbon and as well reduce global 
warming through carbon emissions.  
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CHAPTER SIX 
6.0 CONCLUSION AND RECOMMENDATION 
6.1 Conclusion 
The analysis of spatial and temporal distribution of fires is very significant for understanding the 
dynamics of forest fires in the different ecological zones. More so, the use of MODIS in 
obtaining fire data has gained attention and its application has been considered and used in 
many countries. The MODIS active fire data for the 15 year period used for the study (2001-
2015) showed that fires occurred in all the ecological zones. Spatially, only the dry forest 
showed an increasing trend of fire across the years. Also, the majority of the fires occurred in 
the dry forest (435 hotspots). The fires in the different ecological zones were distributed along 
the forest boundaries, open vegetation, degraded areas, human settlements, shrubs, farms and 
even closed vegetation areas. The closed vegetation was mainly along the river banks in the 
forest reserves and the existence of fires were less compared to the other cover types. Some 
fires were also spotted along forest roads and rivers due to the influence of human around the 
forest reserves. The number of hotspots and the area burned tend to fluctuate temporally in the 
different ecological zones, making it difficult to predict the situation for the future. Fires were 
active in 2004 in the savanna and 2012 in the moist and dry forest. Based on MODIS, August, 
October to May (dry season) is the temporal length of fire in Ghana with the dry forest having 
the longest seasonality. Temporally, there are about seven to nine months of probable forest 
fires in Ghana. The fires peaked in February for the moist forest, March for the dry forest and 
December for the savanna. Relating the fire hotspots to the weather parameters disclosed a 
significant relationship between the monthly hotspot and monthly temperature, but not monthly 
rainfall apart from the savanna. The savanna showed no relation to both weather parameters 
pointing to human influence on fire. Based on the studied period, fire occurred any day in the 
week with most fires on Sunday, Tuesday and Thursday for the dry, moist and savanna 
respectively. The timing of these fires peaked during the day from 13 to 14 pm in all the different 
ecological zones which can also be related to human activities during such hours in the forest.  
 
The results of the demographic characteristics and socioeconomic factors revealed that forest 
with high fires is associated with adults, increased rural population, low literacy rate, high 
poverty (lower incomes) and unemployment rate among the different ecological zones. Factors 
depending on socioeconomic, environmental, type of vegetation and cultural have driven fires in 
the different ecological zones. These included human livelihoods, poverty and unemployment, 
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population growth, the level of education, drought, rainfall, temperature, fuel, topography and 
geographical location of the forest. Some of these variables were common among the different 
ecological zones while some were specific to an ecological zone. Humans have been found as 
the direct cause of fire in the different ecological zones. Almost 88% were caused through 
human activities, 10% through non-activity causes and 2% by other causes. The main direct 
causes were farming, hunting, on-farm cooking, smoking, charcoal production, palm wine 
tapping and pasture production (activity causes), arson and carelessness or negligence (non-
activity causes), mad people, broken cars and unknown causes (others). Farming was seen as 
the most significant cause of fire in the dry forest. Hunting was the main cause in the moist and 
evergreen forest while fires through smoking affected the savanna forest. These causes of fire 
in the forest were mainly determined by setting and forgetting fire after use. The study revealed 
that causes of fire changes with time in the different ecological zones mainly depending on 
livelihood activity carried out by the people. Concerning the underlying causes, the study 
identified inadequate management of the forest, weak compliance and enforcement of forest 
laws, change in climate, change in demographic characteristics and use of the forest, lack of 
collaboration between stakeholders in fire management and inappropriate land use. Fire can be 
beneficial and unbeneficial in the forest as disclosed by the study. The beneficial part of fire 
impacts identified was the regeneration of certain seeds and plants. The unbeneficial aspect 
was related to the loss of farm crops or produce and livestock, loss of homes and property, 
damage to the forest resources (eg. trees, wildlife, NTFPs), reduced rainfall and changes in 
rainfall pattern, climate change, reduction in soil fertility, air pollution and drying of water bodies.  
 
In all the different ecological zones, downed woody fuel, litter and duff and herbaceous plants 
were identified under burned and unburned areas. However, the portions of the different fuel 
types differed among the different ecological zones as well as burned and unburned area. The 
maximum estimated downed woody fuel was found in the evergreen forest (228 t ha-1), 
particularly in the burned area. The mean sound (87.35 t ha-1) and rotten (43.77 t ha-1) (1000-hr) 
fuels were present in burned and unburned area respectively. In areas where downed woody 
debris was low was compensated with litter and duff as in the case of the moist forest. The 
amount of litter and duff bulk density was higher in the moist forest under the unburned area 
(112.2 kg m-3). The litter and duff loading (0.63 kg m-2 (6.3 t ha-1) and 1.35 kg m-2 (13.5 t ha-1)) in 
the moist forest for both burned and unburned area was also higher than the rest of the 
ecological zones. Whereas herbaceous loading (0.24 kg m-2 (2.4 t ha-1) was significant in the dry 
forest under the burned area. Apart from the savanna, behaviour of fire in the rest of the 
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ecological zones relied on both dead and live fuels. No fires are expected with dead fuel 
moisture of 25% to live fuel moisture of 30%. However, the fire model predicted fire behaviour to 
be more severe in the savanna than the rest of the ecological zones. This further proved that 
fires in the savanna could mainly be handled using advanced equipment.  
 
The amount of carbon in the different pools differed within the different ecological zones under 
the burned and unburned area. The moist forest had the greatest amount of aboveground tree 
carbon, aboveground non-tree carbon and belowground root carbon, followed by the evergreen 
forest, dry forest and the savanna. In most cases, the estimated amount of the different carbon 
pools in the unburned areas was higher than in burned areas. The amount of aboveground tree 
carbon in the evergreen, dry and savanna was 1.3, 1.4 and 27.8 times lower than the moist 
respectively. The amount of carbon in the different ecological zones increases with 
aboveground biomass, which depends on the tree sizes. The aboveground non-tree carbon was 
1.6, 1.9 and 2.5 times lower in the evergreen, dry and savanna respectively than the moist 
forest. Among the three different pools, carbon stored by the aboveground tree was the highest. 
The study revealed 80%-85% of aboveground tree carbon and 15%-20% of belowground 
carbon in the study areas. The carbon emitted in the moist, dry, evergreen and savanna were 
294 t C ha-1 (82%), 164 t C ha-1 (70%), 70 t C ha-1 (36%) and  10 t C ha-1 (61%) respectively. 
Given the different carbon emission, the moist forest that sequestered more carbon again 
contributed to the highest carbon source among the ecological zones. 
 
6.2 Recommendations 
 The study recommends urgent attention towards the dry forest and the savanna since 
they are mostly disturbed by fire.  
 
 Fire management should be reinforced in the dry season in the different ecological 
zones of Ghana  
 
 There is a need for strict enforcement of policies and laws to regulate human activities in 
the forest to reduce human-caused fires.  
 
 Rural people need to be trained through capacity building and provision of alternate 
livelihood options to reduce fire in the forest reserves  
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 The local people fringing around the forest reserves must be sensitized to use fire 
properly for their benefit while ensuring that the forest resources are not harmed.  
 
 Communities’ participation in forest fire management has to be strengthened urgently as 
the responses show a rapid decline in their interest.  
 
 Prescribed burning will be necessary in some of the forest reserves, especially in the 
evergreen forest to reduce fuel load and intense fires.  
 
 Effective monitoring of fire and the use of advanced equipment for fire suppression 
should be implemented to reduce losses.  
 
 All burned areas in the forest reserves must be reforested to improve the amount of 
carbon and future carbon in the forest reserves.  
 
6.3 Limitations of the study and hints for future research 
Although area burned were recorded from fire reports, the relation between the satellite data 
(number of hotspots) and the ground data (area burned) cannot be fully assured. In one forest 
reserve, records on the area burned were not available leading to the exclusion of such 
analysis. Future research can focus on using the fire hotspot points for ground truth in the same 
forest reserve or other areas as well as the use of other radar remote sensing in fire 
assessment.  
In spite of several efforts in managing fire in the forest reserves in Ghana, weather data were 
not available for the different forest reserves. The problem was the lack of local weather stations 
within or near the forest reserves and nearby communities. The study had no option than to use 
the regional weather data for the analysis supported by weather loggers that were placed in the 
forest reserves to measure similar weather parameters like temperature and relative humidity. 
Some of the respondents did not mention the causes of fire that were related to their activity 
because of fear of losing their livelihoods. Some respondents were embarrassed to answer 
questions related to their income while some refused to respond to some questions (eg. 
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assigning the causes of fire to children or adult). The triangulation of the results revealed the 
real situation. 
There are also limited studies on fuel estimates and fire behaviour in the study areas and the 
country. Some equipment needed for the experiments were not available, resulting in the use of 
alternatives (eg. the sun was used for drying the fuel samples instead of laboratory oven) which 
can lead to underestimation or overestimation of the results. Further studies on forest fuels and 
fire behaviour through burning experiments will be necessary for the different forest reserves 
under the various ecological zones. 
The study used generalized equations from literature proposed for the different tropical forest 
regarding the biomass calculation as no formulas have been developed for the ecological zones 
in Ghana. The problem was the maximum diameter at breast height (dbh) that was set by the 
authors for each tropical forest where this study recorded bigger dbh than the maximum limit 
indicated under some of the forests. All the same, the differences were small. Studies can be 
carried out to propose biomass equations for the different ecological zones in Ghana. 
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APPENDICES 
Appendix 1: Questionnaire for studying forest reserves affected by fire 
A. Basic information: 
Name of community:     Name of respondent: 
Age of respondent:    Name of interviewer: 
Date of interview: Sex of respondent and origin: 
 
1. Do you observe fires in the forest reserve? Yes [   ]   No [   ] 
 
B. Driving factors of forest fires 
 
1. What are the main driving factors of fires in the forest reserve? 
a. Cultural  
b. Socioeconomic  
c. Environmental   
d. Type of vegetation  
2. What variables are influencing the driving factors of fires in the forest reserves? 
a. Human livelihoods 
b. Population change 
c. Educational level 
d. Poverty and Unemployment 
e. Migrants 
f. Indigenous people 
g. Urbanization 
h. Rainfall 
i. Drought 
j. Temperature 
k. Geographical location of the forest reserve 
l. Fuel 
m. Topography  
 
 Understanding the demographic and socioeconomic factors of communities 
around forest reserves affected by fire 
 
3. Has there been a change in the population trend over the years?  
Yes [   ]   No [   ] 
If yes, increasing [   ] or decreasing [   ] 
4. How does change of population influence fire in the forest?  
 
5. What is your level of education? 
Never attended [   ] Primary [   ] Secondary or Technical [   ] University [   ] 
6. What is your occupational status?  Employed  [   ] or  unemployed [   ] 
If employed, what is your occupation? 
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7. What is your level of income? High [   ] Reasonable [   ]    Low [   ] 
8. What is the number of roads from the community to the forest reserve? 
Highway [   ] or untarred road [   ] 
9. Are there migrants in the community? Yes [   ]   No [   ] 
10. Will you assign forest fires to indigenes or migrants?  
Give reasons for your answer                                                                                                     
 
11.  Will you assign forest fires to children or adults?  
 Give reasons for your answer 
 
   
C. Direct and underlying causes of forest fires 
 
12. What are the direct causes of forest fire? 
a. Lightening     h. Charcoal production    
b. Arson     i. Palm wine tapping 
c. Carelessness or negligence  j. Honey collection        
d. Farming     k. Unknown 
e. Hunting     l. Others      
f. Smoking 
g. On-farm cooking  
13. What really determine the causes? 
a. Absence of fire volunteers 
b. Quenching and resurrection 
c. Setting fire and forgetting 
d. Environmental factors 
e. Others 
14. What months do most fires occur in the forest reserve? 
 
15. What are the underlying causes of forest fires? 
a. Inappropriate land use  
b. Change in demographic characteristics and use of the forest 
c. Inadequate management of the forest 
d. Weak compliance and enforcement of laws 
e. Lack of collaboration between stakeholders in fire management 
f. Change in climate 
g. Others  
 
D. Impacts of forest fires 
16. What are the impacts of forest fires? 
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Appendix 2: Fuel load form (fine and coarse woody debris) 
Name of forest reserve:     Compartment number: 
Plot size:              Plot number: 
Name of recorder:      Date of recording: 
Transect 
number  
Slope 
(%) 
The number of fuel intersecting the sampling plane 
1-hr fuel 
(0 - 0.6 cm) 
10-hr fuel 
(0.6 - 2.5 
cm) 
100-hr fuel 
(2.5 - 8 cm) 
1000-hr fuel (8.0 cm 
and bigger) 
Log 
no. 
Diam. 
(cm) 
Decay 
class 
1        
2        
3        
4        
5        
     
Transect 
number  
Slope 
(%) 
The number of fuel intersecting the sampling plane 
1-hr fuel 
(0 - 0.6 cm) 
10-hr fuel 
(0.6 - 2.5 
cm) 
100-hr fuel 
(2.5 - 8 cm) 
1000-hr fuel (8.0 cm 
and bigger) 
Log 
no. 
Diam. 
(cm) 
Decay 
class 
1        
2        
3        
4        
5        
 
Transect 
number  
Slope 
(%) 
The number of fuel intersecting the sampling plane 
1-hr fuel 
(0 - 0.6 cm) 
10-hr fuel 
(0.6 - 2.5 
cm) 
100-hr fuel 
(2.5 - 8 cm) 
1000-hr fuel (8.0 cm 
and bigger) 
Log 
no. 
Diam. 
(cm) 
Decay 
class 
1        
2        
3        
4        
5        
 
Decay class 1 = all bark intact, 2 = some bark missing, 3 = most bark missing, 4 = most back missing, 
but sapwood is rotten, 5 = whole log in contact with the ground (Lutes and Keane, 2006) 
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Appendix 3: Fuel load form (litter and duff and herbaceous cover) 
Name of forest reserve:     Compartment number: 
Plot size:              Plot number: 
Name of recorder:      Date of recording: 
Plot  Litter and duff depth (cm) Herbaceous collected 
1   
2   
3   
4   
5   
 
Appendix 4: Collection and weighing of fuel 
Name of forest reserve:     Compartment number:  
Name of recorder:      Date of recording: 
 
In the field 
Collection of fuel samples Total weight of fresh fuel collected (kg) 
1  
2  
3  
4  
5  
6  
Remarks: 
 
At home 
Separation of fuel into classes Fresh weight (kg) Dry weight (kg) 
1-hr fuel (0 - 0.6 cm)   
10-hr fuel (0.6 - 2.5 cm)   
100-hr fuel (2.5 - 8 cm)   
1000-hr fuel (8.0 cm and 
bigger) 
  
Remarks: 
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Appendix 5: Tree measurement form 
Name of forest reserve:     Compartment number: 
Plot size:              Plot number: 
Name of recorder:      Date of recording: 
Tree 
number 
Tree species Condition of 
the tree  
DBH (cm) Height 
Local 
name 
Scientific name 
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Appendix 6: Example of MODIS fire data (Bosomkese forest reserve - Moist semi-deciduous forest) 
wkt_geom LAT. LON. BRI. SCAN TRA. ACQ_DAT. ACQ_T. SAT. CON. VER. B_T31. FRP 
POINT(-2.31800000000000006 
7.02400000000000002) 
7.024 -2.318 313.8 3.9 1.8 31.12.2005 1259 Aqua 59 5.1 299.1 65.2 
POINT(-2.29199999999999982 
7.03200000000000003) 
7.032 -2.292 317.5 1.1 1 04.02.2006 1329 Aqua 65 5.1 301.3 11.4 
POINT(-2.30200000000000005 
7.03000000000000025) 
7.03 -2.302 335.5 1.1 1 04.02.2006 1329 Aqua 87 5.1 302.3 39.1 
POINT(-2.29899999999999993 
7.06899999999999995) 
7.069 -2.299 318.9 1.1 1.1 25.02.2006 1050 Terra 70 5.1 299.5 15.9 
POINT(-2.20199999999999996 
7.13199999999999967) 
7.132 -2.202 314.8 1.7 1.3 11.04.2006 1318 Aqua 57 5.1 297.6 16.3 
POINT(-2.21700000000000008 
7.12899999999999956) 
7.129 -2.217 316.5 1.7 1.3 11.04.2006 1318 Aqua 66 5.1 296.3 21.7 
POINT(-2.31499999999999995 
7.03300000000000036) 
7.033 -2.315 323.5 1.1 1 22.01.2007 1333 Aqua 52 5.1 306.6 13.9 
POINT(-2.28699999999999992 
7.09299999999999997) 
7.093 -2.287 315.4 1 1 02.03.2007 1039 Terra 54 5.1 295 9 
POINT(-2.27099999999999991 
7.12899999999999956) 
7.129 -2.271 327.6 1.1 1 11.03.2007 1333 Aqua 74 5.1 298.2 22.4 
POINT(-2.27000000000000002 
7.12800000000000011) 
7.128 -2.27 316.9 3.6 1.8 12.03.2007 1416 Aqua 67 5.1 295.9 51.4 
POINT(-2.2799999999999998 
7.14100000000000001) 
7.141 -2.28 306.9 1.2 1.1 13.03.2007 2246 Terra 12 5.1 292.9 11.6 
POINT(-2.27700000000000014 
7.07000000000000028) 
7.07 -2.277 320.6 1.8 1.3 30.03.2007 1103 Terra 36 5.1 298.8 28 
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Continuation             
POINT(-2.28299999999999992 
7.07500000000000018) 
7.075 -2.283 324.8 1.8 1.3 30.03.2007 1103 Terra 49 5.1 299.9 39 
POINT(-2.2759999999999998 
7.07500000000000018) 
7.075 -2.276 321 1.5 1.2 03.02.2008 1026 Terra 73 5.1 298.4 32.1 
POINT(-2.29700000000000015 
7.03300000000000036) 
7.033 -2.297 320.7 1 1 20.03.2008 1339 Aqua 67 5.1 297.6 14.5 
POINT(-2.30600000000000005 
7.03200000000000003) 
7.032 -2.306 322.2 1 1 20.03.2008 1339 Aqua 75 5.1 297.6 15.7 
POINT(-2.25700000000000012 
7.15000000000000036) 
7.15 -2.257 315.5 1 1 20.03.2008 1339 Aqua 61 5.1 296.1 9.3 
POINT(-2.25199999999999978 
7.06299999999999972) 
7.063 -2.252 310.4 1.1 1 01.04.2009 1338 Aqua 20 5.1 291.1 8 
POINT(-2.31199999999999983 
7.03399999999999981) 
7.034 -2.312 317 3 1.6 08.04.2010 1310 Aqua 59 5.1 297.2 40 
POINT(-2.24000000000000021 
7.125) 
7.125 -2.24 312.7 4.2 1.9 14.02.2001 1133 Terra 55 5.1 295.1 78.8 
POINT(-2.24500000000000011 
7.12000000000000011) 
7.12 -2.245 310.8 4.2 1.9 14.02.2001 1133 Terra 44 5.1 294.7 64.5 
POINT(-2.29700000000000015 
7.0259999999999998) 
7.026 -2.297 311.6 4.1 1.9 14.02.2001 1133 Terra 19 5.1 296.1 53.7 
POINT(-2.30500000000000016 
7.02200000000000024) 
7.022 -2.305 317.9 4.1 1.9 14.02.2001 1133 Terra 69 5.1 296.5 105.4 
POINT(-2.21600000000000019 
7.16899999999999959) 
7.169 -2.216 326.2 2.4 1.5 16.02.2001 1121 Terra 79 5.1 298.7 78.2 
POINT(-2.21899999999999986 
7.14200000000000035) 
7.142 -2.219 316.6 2.4 1.5 16.02.2001 1121 Terra 66 5.1 298.3 38.1 
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Continuation             
POINT(-2.2240000000000002 
7.16000000000000014) 
7.16 -2.224 314.5 2.4 1.5 16.02.2001 1121 Terra 37 5.1 296.6 28.3 
POINT(-2.22500000000000009 
7.14599999999999991) 
7.146 -2.225 314.7 2.4 1.5 16.02.2001 1121 Terra 49 5.1 297.7 31 
POINT(-2.20599999999999996 
7.14700000000000024) 
7.147 -2.206 318.9 1 1 20.02.2001 1056 Terra 70 5.1 304.1 10.2 
POINT(-2.28399999999999981 
7.08000000000000007) 
7.08 -2.284 305.5 1.2 1.1 24.02.2001 2257 Terra 32 5.1 278.8 13.6 
POINT(-2.29800000000000004 
7.0730000000000004) 
7.073 -2.298 319.9 1.7 1.3 18.03.2003 1317 Aqua 66 5.1 296 25.2 
POINT(-2.19399999999999995 
7.13300000000000001) 
7.133 -2.194 332.7 1 1 09.03.2004 1336 Aqua 85 5.1 300.5 29.7 
POINT(-2.20299999999999985 
7.13199999999999967) 
7.132 -2.203 325.1 1 1 09.03.2004 1336 Aqua 78 5.1 300.2 18.9 
POINT(-2.29300000000000015 
7.08300000000000018) 
7.083 -2.293 324.3 1 1 16.03.2004 1342 Aqua 77 5.1 299.9 16.8 
POINT(-2.29400000000000004 
7.08300000000000018) 
7.083 -2.294 344.6 2.7 1.6 15.03.2005 1406 Aqua 92 5.1 294.1 210.2 
POINT(-2.2759999999999998 
7.12699999999999978) 
7.127 -2.276 313.4 1.4 1.2 16.01.2012 1057 Terra 58 5.1 300.8 15.4 
POINT(-2.2799999999999998 
7.125) 
7.125 -2.28 330.9 1.5 1.2 16.01.2012 1357 Aqua 83 5.1 304.8 52.1 
POINT(-2.29400000000000004 
7.12300000000000022) 
7.123 -2.294 319.7 1.5 1.2 16.01.2012 1357 Aqua 71 5.1 303.5 22.6 
POINT(-2.22900000000000009 
7.15399999999999991) 
7.154 -2.229 315.1 1.6 1.2 16.01.2012 1357 Aqua 50 5.1 301.4 13.6 
171 
Continuation             
POINT(-2.31400000000000006 
7.04300000000000015) 
7.043 -2.314 324.2 1 1 18.01.2012 1345 Aqua 66 5.1 297.2 16.7 
POINT(-2.30399999999999983 
7.01999999999999957) 
7.02 -2.304 318.2 1.1 1.1 25.01.2012 1050 Terra 43 5.1 301.9 12.4 
POINT(-2.30200000000000005 
7.02899999999999991) 
7.029 -2.302 331.2 1.2 1.1 25.01.2012 1351 Aqua 68 5.1 303.8 28.1 
POINT(-2.28900000000000015 
7.06400000000000006) 
7.064 -2.289 328.5 1.7 1.3 22.01.2012 1320 Aqua 82 5.1 297.7 51.5 
POINT(-2.29499999999999993 
7.06200000000000028) 
7.062 -2.295 343.2 1.7 1.3 22.01.2012 1320 Aqua 92 5.1 298.6 106.2 
POINT(-2.25800000000000001 
7.15200000000000014) 
7.152 -2.258 306.2 1 1 09.02.2012 2233 Terra 42 5.1 291.6 10 
POINT(-2.2669999999999999 
7.1509999999999998) 
7.151 -2.267 308.3 1 1 09.02.2012 2233 Terra 60 5.1 291.9 12.4 
POINT(-2.29800000000000004 
7.07200000000000006) 
7.072 -2.298 326.1 1.3 1.1 01.03.2012 1327 Aqua 79 5.1 304.5 24.7 
POINT(-2.26500000000000012 
7.11699999999999999) 
7.117 -2.265 319.9 2 1.4 23.01.2012 1403 Aqua 72 5.1 295.6 39.8 
POINT(-2.27099999999999991 
7.11800000000000033) 
7.118 -2.271 324.6 2 1.4 23.01.2012 1403 Aqua 78 5.1 295.6 56.6 
POINT(-2.32100000000000017 
7.02299999999999969) 
7.023 -2.321 315.5 1.4 1.2 31.12.2011 1057 Terra 64 5.1 300.7 17.4 
POINT(-2.2719999999999998 
7.0389999999999997) 
7.039 -2.272 323 1.2 1.1 10.02.2012 1351 Aqua 76 5.1 298.1 18.1 
POINT(-2.28299999999999992 
7.03800000000000026) 
7.038 -2.283 334.4 1.2 1.1 10.02.2012 1351 Aqua 86 5.1 298.9 39.8 
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Continuation             
POINT(-2.27300000000000013 
7.04900000000000038) 
7.049 -2.273 325.5 1.2 1.1 10.02.2012 1351 Aqua 74 5.1 299 20.8 
POINT(-2.28399999999999981 
7.04800000000000004) 
7.048 -2.284 332.6 1.2 1.1 10.02.2012 1351 Aqua 85 5.1 298.9 34.2 
POINT(-2.26200000000000001 
7.08300000000000018) 
7.083 -2.262 321.1 1.2 1.1 10.02.2012 1351 Aqua 54 5.1 299.2 15.1 
POINT(-2.25999999999999979 
7.14400000000000013) 
7.144 -2.26 320.4 1.2 1.1 10.02.2012 1351 Aqua 70 5.1 300.9 14.1 
POINT(-2.28299999999999992 
7.08699999999999974) 
7.087 -2.283 320.3 1.7 1.3 07.02.2012 1320 Aqua 72 5.1 297.4 30.1 
POINT(-2.28600000000000003 
7.11000000000000032) 
7.11 -2.286 344.3 1.7 1.3 07.02.2012 1320 Aqua 92 5.1 298.4 105.2 
POINT(-2.29300000000000015 
7.10799999999999965) 
7.108 -2.293 341.8 1.7 1.3 07.02.2012 1320 Aqua 91 5.1 298.9 96.6 
POINT(-2.26600000000000001 
7.13600000000000012) 
7.136 -2.266 318.7 1.7 1.3 07.02.2012 1320 Aqua 28 5.1 298 24.4 
POINT(-2.31300000000000017 
7.03399999999999981) 
7.034 -2.313 342.9 3 1.6 24.01.2012 1308 Aqua 91 5.1 300 233.6 
POINT(-2.31800000000000006 
7.03399999999999981) 
7.034 -2.318 342.4 3 1.6 24.01.2012 1308 Aqua 91 5.1 300.1 228.6 
POINT(-2.29599999999999982 
7.06599999999999984) 
7.066 -2.296 349.1 1.3 1.1 29.01.2012 1326 Aqua 95 5.1 297.1 89.4 
POINT(-2.28500000000000014 
7.07800000000000029) 
7.078 -2.285 321.9 1.3 1.1 29.01.2012 1326 Aqua 48 5.1 295.6 21 
POINT(-2.29700000000000015 
7.07599999999999962) 
7.076 -2.297 333.6 1.3 1.1 29.01.2012 1326 Aqua 86 5.1 298.6 45 
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Continuation             
POINT(-2.29000000000000004 
7.07500000000000018) 
7.075 -2.29 341 1.3 1.1 29.01.2012 1326 Aqua 90 5.1 297.3 64.4 
POINT(-2.23499999999999988 
7.12000000000000011) 
7.12 -2.235 312.7 1.1 1 23.04.2011 1333 Aqua 49 5.1 292.6 8.1 
POINT(-2.25499999999999989 
7.14499999999999957) 
7.145 -2.255 316.9 1.8 1.3 08.02.2012 1103 Terra 67 5.1 294.7 28.4 
POINT(-2.29300000000000015 
7.10400000000000009) 
7.104 -2.293 315.6 1.8 1.3 08.02.2012 1103 Terra 43 5.1 295.9 20.6 
POINT(-2.28299999999999992 
7.10500000000000043) 
7.105 -2.283 313.6 1.8 1.3 08.02.2012 1103 Terra 38 5.1 295.2 17.7 
POINT(-2.2759999999999998 
7.06200000000000028) 
7.062 -2.276 314.1 2 1.4 08.02.2012 1403 Aqua 51 5.1 294.7 17.7 
POINT(-2.26799999999999979 
7.13900000000000023) 
7.139 -2.268 320 2 1.4 08.02.2012 1403 Aqua 58 5.1 297 33.2 
POINT(-2.23600000000000021 
7.12999999999999989) 
7.13 -2.236 313.9 1.1 1 02.04.2015 1334 Aqua 53 - -1 -1 
POINT(-2.32100000000000017 
7.02200000000000024) 
7.022 -2.321 352.8 1.1 1 01.03.2015 1333 Aqua 96 - -1 -1 
POINT(-2.31899999999999995 
7.02899999999999991) 
7.029 -2.319 318 1.2 1.1 01.03.2015 1033 Terra 25 - -1 -1 
POINT(-2.28799999999999981 
7.10599999999999987) 
7.106 -2.288 320.8 1.1 1.1 06.03.2015 1051 Terra 73 - -1 -1 
POINT(-2.21099999999999985 
7.08100000000000041) 
7.081 -2.211 315.2 1.1 1 30.12.2015 1333 Aqua 63 - -1 -1 
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Appendix 7: Deduced time for detected hotspots in the different ecological zones 
  Time Total 
1-2 10-11 11-12 12-13 13-14 14-15 22-23 23-24 
Ecological 
zone 
MSDF Count 0 9 13 1 43 6 4 0 76 
% within 
Ecological 
zone 
0.0% 11.8% 17.1% 1.3% 56.6% 7.9% 5.3% 0.0% 100.0% 
DSDF Count 8 52 24 9 295 21 25 1 435 
% within 
Ecological 
zone 
1.8% 12.0% 5.5% 2.1% 67.8% 4.8% 5.7% .2% 100.0% 
UEF Count 0 0 0 0 5 0 0 0 5 
% within 
Ecological 
zone 
0.0% 0.0% 0.0% 0.0% 100.0% 0.0% 0.0% 0.0% 100.0% 
Sav. Count 0 53 15 8 134 13 6 0 229 
% within 
Ecological 
zone 
0.0% 23.1% 6.6% 3.5% 58.5% 5.7% 2.6% 0.0% 100.0% 
Total Count 8 114 52 18 477 40 35 1 745 
% within 
Ecological 
zone 
1.1% 15.3% 7.0% 2.4% 64.0% 5.4% 4.7% .1% 100.0% 
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Appendix 8: Total loading (t ha-1) for the different fuel categories in the various ecological 
zones (burned area) 
Fuel category 
Ecological zones 
MSDF DSDF UEF Sav. 
Downed woody 
   1-hr 5.00 7.10 8.40 5.50 
10-hr 7.60 4.10 4.10 2.10 
100-hr 14.30 4.80 2.40 6.70 
1000-hr (sound) 7.90 179.10 156.30 6.20 
1000-hr (rotten) 5.90 21.30 56.70 2.00 
Sub total 40.70 216.40 228.00 22.40 
     Litter and duff 6.30 1.25 1.99 1.27 
     Herbaceous 2.38 2.40 0.27 2.07 
     Grand total 49.40 220.00 230.20 25.80 
 
 
Appendix 9: Total loading (t ha-1) for the different fuel categories in the various ecological 
zones (unburned area) 
Fuel category 
Ecological zones 
MSDF DSDF UEF Sav. 
Downed woody 
   1-hr 8.8 11.0 11.1 17.8 
10-hr 3.1 9.7 9.7 4.1 
100-hr 3.3 12.0 6.2 1.9 
1000-hr (sound) 26.0 33.4 54.3 0.0 
1000-hr (rotten) 2.2 45.7 127.1 0.0 
Sub total 43.4 111.8 208.4 23.9 
     Litter and duff 13.46 3.8 6.27 4.51 
     Herbaceous 0.82 1.07 1.65 0.9 
     Grand total 57.7 116.7 216.3 29.3 
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Appendix 10: Distribution of trees in burned area (Bosomkese forest reserve - Moist 
Semi-deciduous forest) 
Tree 
No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Oprono Mansonia altissima Sterculiaceae Healthy 8.3 8 
2 Esa kokoo Celtis zenkeri Ulmaceae Healthy 26.8 15 
3 Esa fufuo Celtis mildbraedii Ulmaceae Healthy 19.7 15 
4 Nyamedua Alstonia boonei Apocynaceae Healthy 9.6 7 
5 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 17.5 10 
6 Kyinea - - Healthy 8.3 7 
7 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 15.6 12 
8 Mahogany Khaya grandifoliolia Meliaceae Healthy 25.5 18 
9 Mahogany Khaya grandifoliolia Meliaceae Healthy 26.8 30 
10 Onyina Ceiba pentandra Bignoniaceae Healthy 12.7 8 
11 Onyina Ceiba pentandra Bignoniaceae Healthy 14.0 6 
12 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 20.4 11 
13 Mahogany Khaya grandifoliolia Meliaceae Healthy 52.2 22 
14 Okoro Albizia zygia Mimosaceae Healthy 15.3 7 
15 Mahogany Khaya grandifoliolia Meliaceae Healthy 29.3 15 
16 Mahogany Khaya grandifoliolia Meliaceae Healthy 44.6 27 
17 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 12.7 9 
 
Appendix 11: Distribution of trees in unburned area (Bosomkese forest reserve - Moist 
Semi-deciduous forest) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Prekese 
Tetrapleura 
tetraptera Mimosaceae Healthy 51.6 9.0 
2 Esa Celtis mildbraedii Ulmaceae Healthy 26.8 11.0 
3 Esa Celtis mildbraedii Ulmaceae Healthy 42.4 24.0 
4 Cedrela Cedrela odorata Meliaceae Healthy 15.3 6.0 
5 Okure 
Trilepisium 
madagascariensis Moraceae Healthy 40.8 13.0 
6 Prekese 
Tetrapleura 
tetraptera Mimosaceae Healthy 17.5 7.5 
7 Unknown - 
 
Healthy 22.3 10.5 
8 Unknown - 
 
Healthy 29.9 7.0 
9 Edinam 
Entandrophragma 
angolense Meliaceae 
Broken 
top 43.3 10.0 
10 York 
Broussonetia 
papyrifera Moraceae Healthy 26.4 9.5 
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11 Esa Celtis mildbraedii Ulmaceae Healthy 33.4 13.5 
12 Wawabima 
Sterculia 
rhinopetala Sterculiaceae Healthy 44.6 20.0 
13 Cedrela Cedrela odorata Meliaceae Healthy 23.9 9.0 
14 Esa Celtis mildbraedii Ulmaceae Healthy 7.1 6.0 
15 Unknown - 
 
Healthy 7.6 4.0 
16 Unknown - 
 
Healthy 5.6 6.0 
17 Unknown - 
 
Broken 
top 11.5 1.5 
18 Esa Celtis mildbraedii Ulmaceae Healthy 8.9 17.0 
19 Edinam 
Entandrophragma 
angolense Meliaceae Healthy 24.5 9.5 
20 Unknown - 
 
Healthy 16.6 8.0 
21 Cedrela Cedrela odorata Meliaceae Healthy 22.3 8.5 
22 Unknown - 
 
Broken 
top 17.2 2.2 
23 Esa Celtis mildbraedii Ulmaceae Healthy 9.6 5.0 
24 Watapuo Cola gigantea Sterculiaceae Healthy 11.1 7.0 
25 Unknown - 
 
Healthy 60.5 22.0 
26 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 38.2 28.5 
27 Oprono 
Mansonia 
altissima Sterculiaceae Healthy 40.1 27.0 
28 Esa Celtis mildbraedii Ulmaceae Healthy 9.6 6.0 
29 Kwakuoduaba - - Healthy 26.8 12.0 
30 Yaya 
Amphimas 
pterocarpoides Ceasalpinaceae Healthy 82.8 35.0 
31 Esa Celtis mildbraedii Ulmaceae Healthy 32.5 9.5 
32 Edinam 
Entandrophragma 
angolense Meliaceae Healthy 21 8.0 
33 Otie 
Pycnanthus 
angolensis Musaceae Healthy 12.7 6.5 
34 Cedrela Cedrela odorata Meliaceae Healthy 27.7 7.0 
35 Esa Celtis mildbraedii Ulmaceae Healthy 41.4 12.0 
36 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 79.6 25.0 
37 Kwayedua - - Healthy 18.5 4.0 
38 Esa Celtis mildbraedii Ulmaceae Healthy 9.6 7.0 
39 Esa Celtis mildbraedii Ulmaceae 
Broken 
top 41.4 6.0 
40 Akasaa 
Chrysophyllum 
albidum Sapotaceae Healthy 31.8 12.5 
41 Hyedua Daniellia ogea Ceasalpinaceae Healthy 19.1 8.5 
42 Dahoma 
Piptadeniastrum 
africanum Mimosaceae Healthy 28.7 22.0 
43 Unknown - - Healthy 27.1 13.0 
44 Kwayedua - - Healthy 31.2 7.5 
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45 Unknown - - Healthy 28.7 7.0 
46 Edinam 
Entandrophragma 
angolense Meliaceae Healthy 16.6 4.5 
47 Esa Celtis mildbraedii Ulmaceae Healthy 47.8 12.0 
48 Otie 
Pycnanthus 
angolensis Musaceae Healthy 20.7 7.0 
 
Appendix 12: Distribution of trees in burned area (Afram Headwaters forest reserve - Dry 
Semi-deciduous forest) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Onyina 
Ceiba 
pentandra Bignoniaceae Healthy 27.0 9.0 
2 Danta 
Nesogordonia 
papaverifera Sterculiaceae Healthy 6.0 4.0 
3 Kuokuonisuo 
Spathodia 
campanulata Bignoniaceae Healthy 42.9 8.0 
4 Akye Blighia sapida Sapindaceae Healthy 8.0 4.0 
5 Esa 
Celtis 
mildbraedii Ulmaceae Healthy 6.4 4.0 
6 Funtum 
Funtumia 
elastica Apocynaceae Healthy 9.0 5.0 
7 Okoro Albizia zygia Mimosaceae Healthy 8.6 5.0 
8 Funtum 
Funtumia 
elastica Apocynaceae Healthy 6.0 5.0 
9 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 13.0 4.0 
10 Unknown - 
 
Healthy 25.0 6.5 
11 Danta 
Nesogordonia 
papaverifera Sterculiaceae Healthy 15.0 7.0 
12 Watapuo Cola gigantea Sterculiaceae Healthy 70.0 11.0 
13 Odwono Baphia nitida Pandaceae Healthy 5.0 2.0 
14 Kwakuoduaba - 
 
Healthy 10.0 4.0 
15 Kwakuoduaba - 
 
Healthy 9.0 5.0 
16 York 
Broussonetia 
papyrifera Moraceae Healthy 19.0 6.0 
17 York 
Broussonetia 
papyrifera Moraceae Healthy 14.0 5.0 
18 York 
Broussonetia 
papyrifera Moraceae Healthy 13.0 5.0 
19 Danta 
Nesogordonia 
papaverifera Moraceae Healthy 9.0 4.0 
20 York 
Broussonetia 
papyrifera Moraceae Healthy 23.0 6.0 
21 York 
Broussonetia 
papyrifera Moraceae Healthy 22.0 6.0 
22 York Broussonetia Moraceae Healthy 23.0 4.0 
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papyrifera 
23 York 
Broussonetia 
papyrifera Moraceae Healthy 58.2 15.0 
24 York 
Broussonetia 
papyrifera Moraceae Healthy 6.0 4.0 
25 York 
Broussonetia 
papyrifera Moraceae Healthy 9.0 4.0 
 
Appendix 13: Distribution of trees in unburned area (Afram Headwaters forest reserve - 
Dry Semi-deciduous forest) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 York 
Broussonetia 
papyrifera Moraceae Healthy 18.5 7.0 
2 Oprono Mansonia altissima Sterculiaceae Healthy 21.0 10.5 
3 York 
Broussonetia 
papyrifera Moraceae Healthy 9.0 7.5 
4 Unknown - 
 
Healthy 21.3 6.0 
5 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 67..0 21.0 
6 Esa  Celtis mildbraedii Ulmaceae Healthy 24.8 5.5 
7 Watapuo Cola gigantea Sterculiaceae Healthy 19.0 8.0 
8 Watapuo Cola gigantea Sterculiaceae Healthy 5 2.5 
9 Wawabima 
Sterculia 
rhinopetala Sterculiaceae Healthy 36.9 12.0 
10 Watapuo Cola gigantea Sterculiaceae Healthy 5.0 2.0 
11 Unknown - 
 
unhealthy 14.0 4.0 
12 York 
Broussonetia 
papyrifera Moraceae Healthy 27.0 9.0 
13 York 
Broussonetia 
papyrifera Moraceae Healthy 28.7 13.0 
14 Pepea 
Margaritaria 
discoidea Euphorbiaceae Healthy 15.0 10.0 
15 Esa  Celtis mildbraedii Ulmaceae Healthy 38.5 12.0 
16 York 
Broussonetia 
papyrifera Moraceae Healthy 23.0 12.0 
17 York 
Broussonetia 
papyrifera Moraceae Healthy 5.0 3.0 
18 York 
Broussonetia 
papyrifera Moraceae Healthy 11.0 6.0 
19 Watapuo Cola gigantea Sterculiaceae Healthy 15.0 8.0 
20 Watapuo Cola gigantea Sterculiaceae Healthy 71.0 18.0 
21 Watapuo Cola gigantea Sterculiaceae Healthy 6.0 3.0 
22 Watapuo Cola gigantea Sterculiaceae Broken top 5.0 1.5 
23 Kakadikro Trichilia prieuriana Meliaceae Healthy 54.0 13.0 
24 Kakadikro Trichilia prieuriana Meliaceae Healthy 31.0 7.0 
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25 Onyina Ceiba pentandra Bignoniaceae Healthy 12.0 3.5 
26 Kakadikro Trichilia prieuriana Meliaceae Healthy 9.9 6.5 
27 Watapuo Cola gigantea Sterculiaceae Healthy 40.0 10.0 
28 Watapuo Cola gigantea Sterculiaceae Healthy 15.0 4.0 
29 Kakadukro Trichilia prieuriana Meliaceae Healthy 74.0 5.0 
30 Nyamedua Alstonia boonei Apocynaceae Healthy 7.0 4.5 
31 Watapuo Cola gigantea Sterculiaceae Healthy 31.8 12.0 
32 Funtum Funtumia elastica Apocynaceae Healthy 6.0 3.5 
33 York 
Broussonetia 
papyrifera Moraceae Healthy 16.2 7.0 
34 Foto Glyphaea brevis Tiliaceae Healthy 18.0 8.0 
35 Watapuo Cola gigantea Sterculiaceae Healthy 17.8 7.0 
36 Akye Blighia sapida Sapindaceae Healthy 65.0 12.0 
37 Kakadikro Trichilia prieuriana Meliaceae Healthy 83.0 5.0 
38 Asamfena Aningeria spp. Sapotaceae Healthy 6.0 2.5 
39 Wonton Morus mesozygia Moraceae Healthy 28.6 8.5 
40 York 
Broussonetia 
papyrifera Moraceae Healthy 10.2 6.5 
41 Okure 
Trilepisium 
madagascariensis Moraceae Healthy 22.0 7.0 
42 Nyamedua Alstonia boonei Apocynaceae Healthy 6.7 3.5 
43 York 
Broussonetia 
papyrifera Moraceae Healthy 10.2 6.0 
44 York 
Broussonetia 
papyrifera Moraceae Healthy 26.1 7.5 
45 York 
Broussonetia 
papyrifera Moraceae Healthy 9.6 4.5 
46 Watapuo Cola gigantea Sterculiaceae Healthy 6.0 3.0 
47 York 
Broussonetia 
papyrifera Moraceae Healthy 18.9 6.0 
48 Unknown - 
 
Healthy 65.0 13.0 
 
Appendix 14: Distribution of trees in burned area (Atewa forest reserve – Upland 
evergreen forest) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Cedrela Cedrela odorata Meliaceae Broken top 56.0 4.0 
2 Opamframa - - Forked 
tree 
28.3 22.0 
3 Opamframa - - 33.8 24.0 
4 Cedrela Cedrela odorata Meliaceae Healthy 37.3 26.0 
5 Aprokuma 
Antrocaryon 
micraster Anacardiaceae Healthy 27.1 15.0 
6 Oyambrema - - Healthy 28.5 7.0 
7 Cedrela Cedrela odorata Meliaceae Healthy 16.0 4.0 
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8 Kakapenpen 
Rauwolfia 
vomitoria Apocynaceae Healthy 20.0 3.0 
9 Okromasa - - Healthy 21.0 3.0 
10 Bonawa 
Voacanga 
africana Apocynaceae Healthy 15.0 2.0 
11 Yaya 
Amphimas 
pterocarpoides Ceasalpinaceae Healthy 31.5 6.0 
12 Cedrela Cedrela odorata Meliaceae Healthy 37.9 17.0 
13 Nyamedua Alstonia boonei Apocynaceae Broken top 25.5 4.0 
14 Nyamedua Alstonia boonei Apocynaceae Healthy 65.0 8.0 
15 Cedrela Cedrela odorata Meliaceae Healthy 43.0 12.0 
16 Onyina Ceiba pentandra Meliaceae Healthy 38.0 6.0 
17 Cedrela Cedrela odorata Meliaceae Healthy 51.9 17.0 
18 Pepea 
Margaritaria 
discoidea Euphorbiaceae Healthy 8.9 2.0 
19 Odwono Baphia nitida Pandaceae Healthy 12.0 2.5 
20 Okromasa - - Healthy 13.0 2.0 
21 Cedrela Cedrela odorata Meliaceae Healthy 25.5 12.0 
22 Cedrela Cedrela odorata Meliaceae Healthy 28.7 15.0 
23 Cedrela Cedrela odorata Meliaceae Healthy 36.6 17.0 
24 Cedrela Cedrela odorata Meliaceae Healthy 20.7 13.0 
25 Cedrela Cedrela odorata Meliaceae Healthy 38.2 15.0 
26 Kuokuonisuo 
Spathodia 
campanulata Bignoniaceae Healthy 56.4 10.0 
27 Unknown - - 
 
36.3 15.0 
 
Appendix 15: Distribution of trees in unburned area (Atewa forest reserve – Upland 
evergreen forest) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Okoro Albizia zygia Mimosaceae Healthy 57.6 30.0 
2 Odum Milicia excelsa Moraceae Healthy 10.0 2.0 
3 Funtum Funtumia elastica Apocynaceae Healthy 70.1 15.0 
4 Funtum Funtumia elastica Apocynaceae Healthy 20.0 11.0 
5 Odum Milicia excelsa Moraceae Healthy 54.1 15.0 
6 Edinam 
Entandrophragma 
angolense Meliaceae Healthy 6.0 4.0 
7 Okoro Albizia zygia Mimosaceae Healthy 34.1 12.0 
8 Opam Macaranga spp. Euphorbiaceae Healthy 8.0 5.0 
9 Opam Macaranga spp. Euphorbiaceae Healthy 12.7 9.0 
10 Cedrela Cedrela odorata Meliaceae Healthy 40.0 13.0 
11 Okoro Albizia zygia Mimosaceae Healthy 60.0 8.0 
12 Cedrela Cedrela odorata Meliaceae Healthy 35.0 6.0 
13 Cedrela Cedrela odorata Meliaceae Healthy 40.0 6.0 
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14 Kuokuonisuo 
Spathodia 
campanulata Bignoniaceae Healthy 16.5 6.0 
15 Wawa 
Triplochiton 
scleroxylon Sterculiaceae Healthy 12.7 6.0 
16 Cedrela Cedrela odorata Meliaceae Healthy 14.3 8.0 
17 Okoro Albizia zygia Mimosaceae Healthy 13.4 6.0 
18 Okoro Albizia zygia Mimosaceae Healthy 22.3 20.0 
19 Unknown - 
 
Broken top 14.3 1.0 
20 Atatiadipo - 
 
Healthy 12.7 4.0 
21 Okoro Albizia zygia Mimosaceae Healthy 31.2 7.0 
22 Funtum Funtumia elastica Apocynaceae Healthy 22.3 8.0 
23 Okure 
Trilepisium 
madagascariensis Moraceae Healthy 86.0 8.0 
24 Okoro Albizia zygia Mimosaceae Healthy 22.3 14.0 
25 Okoro Albizia zygia Mimosaceae Healthy 23.9 12.0 
26 Nyankyerene Ficus exasperata Moraceae Unhealthy 11.2 12.0 
27 Okoro Albizia zygia Mimosaceae Healthy 57.0 7.0 
28 Tanuro 
Trichilia 
monadelpha Meliaceae Healthy 12.7 10.0 
29 Cedrela Cedrela odorata Meliaceae Healthy 25.4 4.0 
30 Cedrela Cedrela odorata Meliaceae Healthy 9.6 12.0 
31 Kakapenpen 
Rauwolfia 
vomitoria Apocynaceae Healthy 30.0 10.0 
32 Cedrela Cedrela odorata Meliaceae Healthy 63.0 7.0 
33 Opam Macaranga spp. Meliaceae Healthy 49.0 4.0 
34 Nyamedua Alstonia boonei Apocynaceae Forked 
tree 
40.0 5.0 
35 Nyamedua Alstonia boonei Apocynaceae 38.0 5.0 
 
Appendix 16: Distribution of trees in burned area (Sissili North forest reserve – Savanna) 
Tree 
No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Kansoro  - - Healthy 31.0 6.0 
2 Kampoa Strychnos spinosa Loganiaceae Healthy 8.0 2.5 
3 Tanyawo - - Healthy 6.0 2.0 
4 Songo Vitellaria paradoxa Sapotaceae Healthy 11.0 3.5 
5 Songo Vitellaria paradoxa Sapotaceae Healthy 14.0 5.0 
6 Tamaale - - Healthy 6.0 4.0 
7 Songo Vitellaria paradoxa Sapotaceae Healthy 6.0 1.0 
8 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 5.0 1.0 
9 Nagelakasaga - - Healthy 12.0 1.0 
10 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 14.0 4.0 
11 Songo Vitellaria paradoxa Sapotaceae Healthy 15.0 6.0 
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Songo Vitellaria paradoxa Sapotaceae Healthy 11.0 5.0 
 
Kafro - - Healthy 8.0 1.5 
 
Yole - - Healthy 8.0 2.5 
 
Appendix 17: Distribution of trees in unburned area (Sissili North forest reserve – 
Savanna) 
Tree No. Local name Scientific name Family name 
Condition 
of tree DBH Height 
1 Songo Vitellaria paradoxa Sapotaceae Healthy 6.0 1.5 
2 Kampoa Strychnos spinosa Loganiaceae Forked 
tree 
8.0 2.0 
3 Kampoa Strychnos spinosa Loganiaceae 6.0 1.5 
4 Songo Vitellaria paradoxa Sapotaceae Healthy 9.0 2.0 
5 Songo Vitellaria paradoxa Sapotaceae Healthy 5.0 1.0 
6 Songo Vitellaria paradoxa Sapotaceae Healthy 10.0 2.5 
7 Laribedio - - Forked 
tree 
6.0 1.0 
8 Laribedio - - 5.0 1.0 
9 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 12.7 1.0 
10 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 18.0 4.0 
11 Kanankolo 
Detarium 
microcarpum - Healthy 10.0 4.5 
12 Laribedio - - Healthy 7.0 3.5 
13 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 9.5 1.5 
14 Kanton - - Healthy 10.2 1.5 
15 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 8.0 1.8 
16 Songo Vitellaria paradoxa Sapotaceae Healthy 5.0 2.0 
17 Laribedio - - Healthy 12.0 2.5 
18 Tentenya - - 
 
9.2 3.0 
19 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 15.0 4.0 
20 Lampoli - - Healthy 7.9 1.5 
21 Nyavoro - - Healthy 23.0 6.0 
22 Lampoli - - Healthy 8.9 1.5 
23 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae 
Forked 
tree 
13.0 2.0 
24 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae 9.0 2.5 
25 Tamaale - - Healthy 14.6 3.0 
26 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 12.0 4.0 
27 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 6.4 1.0 
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28 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 16.0 3.5 
29 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 8.3 2.5 
30 Kampoli - - Healthy 12.1 2.5 
31 Bosanga - - Healthy 6.0 2.0 
32 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 5.0 1.7 
33 Kansoma - - Healthy 7.0 2.0 
34 Songo Vitellaria paradoxa Sapotaceae Healthy 8.0 2.0 
35 Bosanga - - Healthy 9.6 2.5 
36 Kanyoge - - Healthy 7.0 2.0 
37 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 10.0 3.0 
38 Songo Vitellaria paradoxa Sapotaceae Healthy 15.0 4.0 
39 Kanankolo - - Healthy 5.7 1.5 
40 Lampoli - - Healthy 6.0 1.0 
41 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 10.0 1.0 
42 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 15.0 1.5 
43 Sabarisinga Acacia dudgeoni Mimosaceae Forked 
tree 
8.9 2.5 
44 Sabarisinga Acacia dudgeoni Mimosaceae 9.2 2.5 
45 Lamsoa - - Forked 
tree 
8.0 1.5 
46 Lamsoa - - 10.0 1.5 
47 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 15.9 1.5 
48 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 8.0 1.5 
49 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 5.7 1.3 
50 Lampoli - - Healthy 8.0 2.0 
51 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 10.0 3.0 
52 Tonja - - Healthy 9.2 1.5 
53 Songo Vitellaria paradoxa Sapotaceae Healthy 8.9 1.5 
54 Laribedio - - Healthy 11.1 1.5 
55 Kampoa Strychnos spinosa Loganiaceae Healthy 16.6 2.0 
56 Kampoa Strychnos spinosa Loganiaceae Healthy 5.1 1.5 
57 Sabarisinga Acacia dudgeoni Mimosaceae Healthy 11.0 3.0 
58 Kanton - - Healthy 6.7 1.0 
59 Kampoa Strychnos spinosa Loganiaceae Healthy 6.0 2.0 
60 Kanton - - Healthy 6.4 1.6 
61 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 6.0 1.8 
62 Kanankolo Detarium Ceasalpiniaceae Healthy 15.0 3.0 
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microcarpum 
63 Tentenya - - Healthy 5.0 1.0 
64 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae 
Forked 
tree 
16.0 3.5 
65 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae 14.0 3.5 
66 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 17.8 2.5 
67 Kogo 
Terminalia 
avicennioides Combretaceae Healthy 12.7 2.5 
68 Chakura - - Healthy 5.1 1.5 
69 Kanankolo 
Detarium 
microcarpum Ceasalpiniaceae Healthy 11.1 1.5 
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